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It is well-known that the current AlSI Specification for the
design of cold-formed steel structural members has been developed
mainly for thin steel sections. In order to extend the applicability
of the specification for the design of cold-formed steel members
thicker than 1/4 in., both analytical and experimental investigations
have recently been conducted with special emphases on the effects of
cold work on the mechanical properties of corners and the strength of
bolted connections.
For the effects of cold work, previous investigations have shown
that the phenomena of strain hardening and strain aging are main
factors which affect the mechanical properties of corners. The yield
point and ultimate tensile strength of corners are larger than those
in virgin steels, and the ductility of virgin steels will be decreased
as a corner is formed. Mathematical corner models developed by other
investigators for the prediction of tensile yield points of corners
were studied in detail. It was found that the increase in yield point
of corners is dependent upon the ratio of virgin ultimate tensile
strength to virgin tensile yield point, the ratio of inside bend
radius to the thickness of the corner, and the virgin tensile yield
point.
In order to study the possible effects of thickness on the
mechanical properties of corners, a total of one hundred corner tests
have been conducted. The corner specimens used in the test program
were cold-formed from 1/2 in. and 1 in. thick A36 and A588 steel
plates with R/t ratios of 3, 5 and 6. On the basis of the test data
ii
obtained from the recent study and previous investigations, it was
found that in addition to the above-mentioned three factors, the
increase in yield point of corners also depends on the type of
stress-strain curves of virgin steels, but is not directly affected
by the thickness of corners. Consequently, modified equations were
derived on the basis of a regression analysis which can be
alternatively used for the determination of tensile yield point of
corners, when the virgin steel has a sharp yielding type of
stress-strain curve with a large plateau. In view of the fact that
sharp yielding type of stress-strain curves is usually found for
hot-rolled steels, and gradual yielding type of stress-strain curves
is found for cold-reduced steels, the current AISI formulas can be
used for cold-reduced steels and other steels having a sharp yielding
type of stress-strain curve with a small plateau.
It has been realized that the AISC Specification is primarily
developed for the design of thick, hot-rolled steel members. Studies
of the strength of bolted connections made of thick, cold-formed
steel members were, thus, conducted mainly by comparing the AISI and
AISC Specifications. Other specifications, recommendations, and
standards being used abroad and the research work carried out at
other universities were also reviewed and considered. From a study
of design criteria for bolted connections listed in various
specifications, it was found that the main difference for the design
of bolted connections made of thin and thick steels is the allowable




In order to study further the bearing capacity of bolted
connections, a total of thirty single-shear and double-shear bolted
connections were tested. The test specimens were fabricated from
A36 and A570 steels with thicknesses of 11 ga., 3/16 in., and 1/4 in.
From a thorough analysis of the available results of connection
tests, two modified design equations were derived for the
determination of the minimum edge distance in line of stress and
allowable bearing stress using ordinary bolts. These modified
equations not only apply to steels with various ductilities, but
also close the gap between the AISI and AISC Specifications for
allowable bearing stress. These equations also provide a conservative
basis for the design of bolted connections using high-strength bolts.
For purposes of design, simplified equations were also developed and
recommended for the minimum edge distance and allowable bearing
stress.
With regard to other design requirements for bolted connections,
such as allowable tension stress on net section and allowable shear
stress on bolts, the current AISI design criteria can also be used
for connections made of thick, cold-formed steel members.
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I. INTRODUCTION
A. General
Cold-formed steel sections have long been used in building
construction in the United States and abroad. The wide use of this
type of structural members is primarily due to the favorable
strength-to-weight ratio, ease of mass production and many other
*advantages (1,2).
Since 1946, the Specification for the Design of Cold-Formed
Steel Structural Members (3) issued by American Iron and Steel
Institute (AISI) has been used in the United States for the design
of structural members cold-formed to shape from steel sheet or strip
used in buildings. Prior to 1968, the thickness of material used
in the cold-formed steel construction was practically limited to
about 1/4 in. because the maximum thickness of steels used under all
ASTM Specifications listed in Section 1.2 of the previous editions
of the AISI Specification is 0.2449 in. Recently, carbon steel
sheets and plates in coils up to 1/2 in. thick have been often used
for cold-formed steel structural members in building construction,
industrial plants, farm equipment, railway cars, ship and barge
construction, truck trailers, earthmoving equipment, highway median
barriers, bridge construction, conveyors, machinery frames, and
others (4,5). Cold-formed steel plate sections up to about 3/4 in.
in thickness have been used for steel plate structures and
*Numbers in parentheses refer to corresponding References in
Bibliography.
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transmission poles. In order to provide a design criterion for the
relatively thick, cold-formed steel members, the scope of the AISI
Specification was extended in 1968 to include the use of steel sheets,
strip, and plates up to 1/2 in. in thickness provided that such
steel conforms to the chemical and mechanical requirements of one of
the listed material specifications (3).
In view of the fact that the AISI design provisions have been
mainly based upon the research work conducted on specimens made from
relatively thin steel sheets and strip in the thickness ranging from
0.03 to 0.19 in. (6), some building code organizations have limited
the application of the AISI Specification only to steels under 1/4 in.
thick. This is due to the fact that the validity of some design
provisions presently included in the AISI Specification has not been
demonstrated fully for cold-formed steel sections thicker than
1/4 in. in thickness.
In order to use the cold-formed steel members made from thick
sheets and plates for structural purposes, additional design
information may be needed.
B. Purpose of Investigation
The purpose of this investigation was to develop additional
design criteria as necessary for structural members cold-formed from
thick sheets and plates. As an initial step, the current AISI design
provisions for determination of the sectional properties and allowable
stresses were examined in detail. The intention of this task was to
study the applicability of each design provision for members
2
cold-formed from steel sheets and plates thicker than 1/4 in. In the
preliminary study, it was found that certain design provisions and
formulas are not affected by the thickness of material used. However,
in some areas, further studies are needed.
In order to modify the current design formulas or to develop new
design methods, it is necessary to conduct both analytical and
experimental investigations to study the structural behavior of
cold-formed members fabricated from thick sheets and plates and to
determine the differences between thin and thick members. The
research findings obtained from these investigations will undoubtedly
provide the background information for the development of design
recommendations.
c. Scope of Investigation
It is realized that the structural behavior of cold-formed steel
members depends mainly on the material properties, initial
imperfections, and dimensional ratios, not on absolute dimensions.
However, the thickness of material may directly or indirectly affect
the type of stress-strain curve, the initial imperfections of steel
sheets and products, and the dimensional ratios. As a result of
the preliminary study, it was found that further investigations
appear to be necessary for certain AISI design provisions relative
to the following SUbjects:
1) effective design widths of stiffened compression elements,
2) allowable design stresses for unstiffened compression
elements,
3
43) effects of cold work on mechanical properties of steel
sections, and
4) bolted connections.
The local buckling and post-buckling strength of cold-formed steel
structural members made of thick sheets and plates have been studied
by McKinney and reported in Reference 7. The study presented herein
will deal primarily with the effects of cold work on mechanical
properties of steel sections and bolted connections.
As the first step of this investigation, available publications
and research reports relating to the mechanical properties of virgin
steels, minimum inside bend radii, effects of cold work in
cold-formed structural members, and the strength of bolted connections
were reviewed in detail. Chapter II contains a summary of the
literature survey.
It is well-known that mechanical properties of the corner
portion of steel members may be affected by cold-forming operation.
A study was made to investigate if thickness has any significant
effect on the change of mechanical properties due to cold work. In
addition, experimental work was conducted to verify the applicability
of Section 3.1.1.1 of the current AISI Specification to predict the
tensile yield point of corners for thick structural members. All
research findings on the utilization of cold work are presented in
Chapter III. Also discussed in this chapter is the regression
analysis used to study the test results for the purpose of obtaining
a best-fitting curve for predicting the yield point of corners.
The study of strength of bolted connections is presented in
Chapter IV. In view of the fact that the AISI Specification is used
for thin cold-formed steel members, and that the AISC Specification
is for the design of hot-rolled shapes and sections built-up from
steel plates, it is believed that any required additional design
criteria for bolted connections using thick sheets and plates can be
revealed by comparing these two Specifications. Details of this
investigation and the experimental work on the bearing capacity of
bolted connections are discussed in this chapter.
Finally, Chapter V presents a summary of this investigation
followed by the conclusions which have been drawn on the basis of
the structural behavior of cold-formed steel members made of thick
sheets and plates. Recommendations are given for computation of
the increased yield point of corners due to cold work and the
allowable bearing stress used for the design of bolted connections.
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I I. REVIEW OF LITERATURE
Because the mechanical properties of steel play an important role
for structural behavior and load-carrying capacities of cold-formed
steel members, the general information on stress-strain curves,
ultimate tensile strength, yield point, and ductility of virgin
steels are reviewed first in this chapter.
For cold-formed steel members, the inside bend radii used in the
forming operation depend on the type of steel and the thickness of
material. The limitation and general practice on the inside bend
radii are discussed in Section B.
In Section C, all available literature relevant to the effects
of cold work on mechanical properties of steels are reviewed.
Previous studies of the bolted connections of thin-walled,
cold-formed steel members, and riveted and bolted connections of
thick, hot-rolled steel shapes are reviewed in Section D.
A. Mechanical Properties of Steel Sheets and Steel Plates
It is well-known that mechanical properties always affect the
behavior of structural members. In order to study the structural
behavior of cold-formed members made of thick steel sheets and
plates, full understanding of mechanical properties of virgin steel
sheets and plates is essential. Mechanical properties such as the
stress-strain curve, tensile strength, yield point, and ductility
will be discussed, respectively, as folloY's:
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1. Stress-Strain Curve
In structural steel design, two types of stress-strain
curves are usually considered. They are the sharp yielding
type and the gradual yielding type (1,2).
Figures 1 and 2, adopted from References 8 and 9, show the
typical stress-strain curves for steel sheets and steel plates,
respectively. It can be seen that the stress-strain curves of
steel sheets can be either gradual yielding type or sharp
yielding type. Generally, gradual yielding type can be found
for cold-reduced steels, and sharp yielding type can be found
for hot-rolled steels (6). In view of the fact that the
strength of steel structural members does not only depend on
the yield point of steel but also on the modulus of elasticity
and tangent modulus, the type of stress-strain relationship
will affect the structural stability of individual flat
elements and the entire member used for beams and columns.
For this reason, during the preparation of the AISI design
criteria. special consideration was given to the gradual
yielding type of stress-strain curves found for the cold-forming
sections. This is particularly true when the effects of cold
work are utilized in design. For this case the stress-strain
curve is always of the gradual yielding type which has a
relatively low proportional limit. This subject will be
further discussed in Articles II.C and III.
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2. Yielding Point and Tensile Strength
Yield point, F , is an important mechanical property whichy
governs the load-carrying capacities of cold-formed steel
flexural and compression members. The minimum yield points of
virgin steels listed in the AISI Specification range from 25
to 70 ksi.
Unlike the yield point, the ultimate tensile strength of
steels, F , is of less importance as far as the static strength
u
of cold-formed steel structural members is concerned, except that
in the design of bolted connections, the tensile strength of
steels usually plays an important role due to the stress
concentration around holes. The minimum specified ultimate
tensile strengths of virgin steels listed in the AISI
Specification range from 42 to 85 ksi.
In cold-formed steel structural members, the increase in
lechanical properties resulting from a cold-forming operation
dependent upon, in part, the spread between the ultimate and
yield strengths of the virgin material. For the steel sheets
and strip listed in the AISI Specification, the ratios of
tensile strength to yield point range from 1.21 to 1.80. For
the steel plates (up to 1 in. thick) listed in the AISC
Specification, the range is from 1.15 to 2.22 (10).
The F IF ratios of various steel sheets and plates are
u Y
shown in Fig. 3. From this figure, it can be seen that in
~eneral the F IF ratios for steel plates are slightly higher
u y
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than those for steel sheets if the same yield points are
considered. It is particularly true for steel plates having
yield points equal to or less than 40 ksi. This characteristic
indicates that the steel plates usually have a larger potential
of increased strength due to cold work.
3. Ductility
Ductility is the ability of a steel to undergo sizable
permanent deformation prior to fracture. It is generally
measured by the permanent elongation of a tensile specimen
after fracture. This property enables the steel to redistribute
the stress when a certain part of the member yields locally.
For the steel sheets and strip used in the AISI
Specification, the specified minimum elongations in a 2-in.
gage length range from 15 to 27%. The required ductility for
steel sheets and strip to be used for structural members is
beyond the scope of this investigation. This subject has been
studied by Dhalla and Winter at Cornell University, and
reported in References 11 and 12.
Based on Parts 3 and 4 of the 1974 ASTM Annual Standards
(13,14), the relationships between the minimum elongation in a
2-in. gage length and the specified minimum yield point of
steel sheets and plates can be shown in Fig. 4. It is seen that
for a given yield point, steel plates usually have relatively
larger ductilities than steel sheets.
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B. Minimum Inside Bend Radii
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Cold-formed steel structural members are fabricated from steel
strip, sheets, and plates to shapes by the process of press brake,
roll forming, and other operations. The degree of cold work of
forming depends on the ratio of the inside bend radius of corners to
the thickness of material, R/t.
Because of the available ductility of structural steels, it is
necessary to limit the inside bend radii to prevent cracks in corners.
In general, high strength steels are more difficult to bend than
plain carbon steels and therefore require relatively large bend radii.
It is also known that the thickness of steels is an i.mportant
factor for the determination of minimum inside bend radii. Usually,
thick steel sheets and plates require large inside bend radii. In
case the cold forming operation is impracticable, hot forming is
recommended. When the hot forming method is used, the inside bend
radius may be reduced as compared with cold forming (15).
In the design of cold-formed steel structural members, the R/t
ratio is an important parameter for determination of the increased
yield point of corners, and the maximum permissible concentrated
loads and reactions to prevent web crippling. A review of the R/t
ratios used in Part V of the AISI Cold-Formed Steel Design Manual
(16) for channels, Z-sections, hat sections and angles ranges from
1.39 to 1.95. These ratios are used for the thicknesses from
0.036 in. to 0.135 in. as listed in Table I.
For high strength steels, the minimum R/t ratios for cold
forming as given in Table II are recommended by Priest and Gilligan
in Reference 15, in which hot forming is suggested for steels thicker
than 1/2 in.
There has been little information on the minimum R/t ratio for
cold-forming of steels thicker than 1/2 in. Table III includes the
R/t ratios for t = 0.5, 0.75 and 1 in. recommended by a local
fabricator (17).
C. Effect of Cold Work on Mechanical Properties of Steels
It is well-known that cold work, such as cold stretching,
bendings, etc., affects the mechanical properties of steels (6,8,
18-27). Usually, such operations cause an increase in the yield
point and ultimate tensile strength and a reduction in ductility.
For this reason, any use of the increased strength of steel can
result in a more economical design of cold-formed steel structures.
In the United states, the utilization of cold work for the
purpose of design began in 1962. However, during the period of
1962-1968, the design provision in the AISI Specification was
restricted only to compact sections, for which the as-formed steel
properties used in design must be obtained from tests. Beginning
1962, an extensive research project has been conducted at Cornell
University to study the effects of cold work on the mechanical
properties of cold-formed members.
The first Cornell study concerning the effects of cold-forming
was conducted by Chajes, Britvec, and Winter (8,23). The objective
of this investigation was to establish the basic knowledge for a
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better understanding of various aspects of cold work. In this in~tial
study, different mild carbon structural steel sheets subjected to a
simple, uniform cold stretching have been investigated. The specimens
subjected to unidirectional permanent tensile prestrains of 10, 25,
50, and 100 mils (1 mil = 0.001 in./in.) were tested in tension and
in compression both in the longitudinal direction and transverse to
the direction of prestrain. It was found that the increase in yield
point and tensile strength and the reduction in ductility can be
attributed to strain hardening and strain aging. These phenomena
can be observed from Fig. 5. In this figure, curve A represents the
stress-strain curve of steel prior to forming. If a specimen is
first loaded into the strain hardening range, and then unloaded along
curve B, a permanent set will occur. Reloading this specimen
immediately, curve C will show the stress-strain relationship at that
stage. It is obvious that strain hardening increases the yield point
and decreases the ductility of the material. It should also be
noted that the stress-strain curve at this stage is always a gradual
yielding type no matter what type of virgin steel it is. If a specimen
is plastically stretched and a period of time is allowed to elapse
before reloading, the increase of ultimate tensile strength and the
extra increase of yield point beyond the one caused by strain
hardening and further reductions in ductility can be obtained as
shown in curve D. This phenomenon is known as strain aging. From
this figure, it can be seen that strain hardening can result in an
increase of the yield point but does not have any effect on the
ultimate tensile strength. If there is any increase of ultimate
tensile strength due to cold work, it must be attributed entirely to
strain aging. Chajes et al also found that not all steels have
strain aging phenomenon, therefore, cold work does not always result
in an increase of ultimate tensile strength. Based on test results,
they also indicated that strain aging is more significant for small
plastic strains than for large ones, because the influence of strain
aging can be neglected for plastic strain larger than 100 mils.
Besides the two above-mentioned phenomena, Chajes et al indicated
that changes in mechanical properties of steel due to cold work also
depend on the Bauschinger effect, that is, the phenomenon which can
result in an increase in yield point by reloading plastically
stretched specimens in the same direction, but result in a reduction
of yield point by reloading it in the opposite direction.
The Bauschinger effect in cold-formed steel plates was also
studied by Rolfe, Haak, and Gross (24). This investigation was
concentrated on the effects of state-of-stress and yield criterion
on the Bauschinger effect. Test specimens were cold-formed from
2-1/2 in. thick plate of HY-80 steel by either plane strain bending
or plane stress axial straining. It was found that for specimens
tested in a direction opposite to that of cold-forming, the
Bauschinger effect was observed in both tension and compression;
however, for specimens tested at 90 degrees to the direction of
plane strain cold forming, both tensile and compressive yield points
were increased and no Bauschinger effect was observed. It was also
indicated that axial straining had a greater effect on the magnitude
of the Bauschinger effect than did plane strain bending. The
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Bauschinger effect was greatest for small amounts of cold deformation
and was progressively decreased by strain hardening at large amounts
of cold deformation. Furthermore, Rolfe and his associate have noted
that the yield criterion (0.02 to 0.60 percent offset) greatly affects
the magnitude of the change in yield point of cold-formed steel.
Based on the previous findings on the effects of cold work on
structural steel sheets, the scope of the Cornell research program
was extended to investigate the effects of cold work on structural
members (18-23). The cross section of cold-formed structural members
generally consists of flat elements and of corners. In view of the
fact that corners are subjected to more cold work than flat elements,
separate studies were made for those two components.
From his extensive study, Karren (20) found that strain
hardening and strain aging are responsible for changes in the
mechanical properties of corners of cold-formed structural shapes.
The degree of importance of these two phenomena is dependent upon
the amount of plastic strain occurring at corners. For corners with
large plastic strain such as corners of channel and angle sections,
the increase in strength can be attributed primarily to strain
hardening; however, for corners with small plastic strain such as
tubing sections, Karren's recent study indicated that the effect due
to strain aging is dominant (25). Test results showed that amounts
of increase in yield point and in ultimate tensile strength are
proportional to the amounts of cold work; but the percentage increase
in ultimate tensile strength in corners is considerably smaller than
that in the yield point. Also, results of tests indicated that the
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reduction of ductility is always accompanied by an increase of
strength. Karren's corner tests were made both in tension and in
compression. As a result, it was found that for both types of test
specimens, the yield point of the corner is approximately the same. It
can be seen that the Bauschinger effect has no significant influence
on changing of corner properties.
The effect of cold-forming methods (roll-forming, air-press
braking, and coin-press braking) on the properties of corners was
also studied by Karren. On the basis of the test results, he
indicated that the methods of cold-forming contributed little to the
increase in the strength of corners. Therefore, its effects can be
neglected.
The mechanical properties of flat elements were investigated by
Karren, Winter and Uribe (21,22). It was found that flats may have
an increase in strength but in a smaller degree than corners. The
reason is due to differences between the amounts of cold work. On
the contrary, with respect to corners, forming methods have different
influences on the increase in yield point of flat elements. It varies
from almost no cold work effect in press-braked sections to a large
amount of it in roll-formed sections.
As a result of the different amounts of cold work in corners
and flat elements, cold-formed members have nonuniform mechanical
properties throughout the cross section. The average yield point of
the formed section is larger than that of virgin steels.
In addition to the Cornell study, a limited number of tubing
tests were conducted by Macadam (27). The R/t ratios used in the
test specimens range from 8.24 to 23.79. Results of tests showed
that the yield points of corners increase 21 to 38% as compared with
the yield point of virgin material.
Recently, the effect of cold work on the mechanical properties
of corners was also studied by Lind and Schroff (26). They employed
a simple mathematical model to establish the relationships between
the yield point of corners and some geometric and material property
parameters. As a result, they found that the increase in the yield
point of corners depends mainly on the corner curvature ratio, R/t,
and the area function of the mean of the tension and compression
stress-strain curves for the virgin material, but is not affected by
the corner angle. For the purpose of design utilizing cold work of
forming, they suggested that the effect of cold work on 90° corners
could be obtained by replacing the yield point by the ultimate
strength over an arc length of five times the material thickness.
D. Bolted Connections
Bolted connections have long been used in steel construction.
The structural behavior of riveted and bolted connections has been
studied theoretically and experimentally by numerous investigators
(28-45). In view of the fact that the current study is concerned
with the bolted connections for thick, cold-formed steels, two types
of literature have been reviewed. One type is the bolted and
riveted connections used for hot-rolled shapes and built-up members.
The other is the bolted connections used for thin-walled, cold-formed
steel sections. From the load transmission point of view,
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high-strength bolted joints can be classified into two categories,
i.e., friction-type connections and bearing-type connections. For
bolted connections using ordinary bolts, the design is always based
on the bearing-type because pre-tension is not required for
installation of such bolts. In cold-formed steel construction, the
friction-type connection is impractical because of the smooth surface
of coated material and galvanized sheets. This fact has been
demonstrated by Winter's tests (44). For this reason, the bearing-type
connection is of particular interest in this study.
In the bearing-type connection, joint slip into bearing between
fasteners and connected materials is allowed, and the ultimate
strength of bolted connections with high-strength bolts after bearing
is established is the same as that with ordinary bolts. Hence,
in addition to bolted connections using ordinary bolts, research work
and design criteria relevant to high-strength bolt connections were
also reviewed.
The concept of balanced design for which the components of joints
are so proportioned that the allowable unit working stresses in all
parts will be reached simultaneously has long been used for design
of joints (28). The ultimate strength of the fasteners in shear
should equal the tensile capacity of the net section of connected
materials. On the basis of this approach, a so-called "tension-shear
ratio" of 1.33 (= 1.0/0.75) was permitted for riveted joints. When
high-strength bolts are used, the tension-shear ratio will be smaller
than 1.33 in order to obtain balanced design. However, the ratio of
l.33 is conservative for high-strength bolt connections to prevent
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fastener failure. If a tension-shear ratio of less than 1.33 is used,
it will also be necessary to increase the end distance in line of
stress (29). Fisher and Beedle (30) have made an extensive study of
the shear capacity of high-strength bolts. It was found that the
concept of balanced design leads to inconsistent allowable bolt
stresses for different plate materials. Thus, instead of a balanced
design, they recommended that fasteners should be proportioned by
using an allowable shear stress based on a factor of safety that is
more nearly uniform for a particular application. The strength of
high-strength bolt connections was also investigated by Munse,
Wright, and Newmark (29). They found that the load-slip relations
are primarily affected by the conditions of faying surface, the
fastener type, and the bolt tension. However, the bolt tension and
faying surface condition had little effect on the ultimate strength
of either riveted or bolted joints. They also indicated that the
ultimate strength is not significantly affected by the type of
joints.
The bearing pressure between connected parts and fasteners was
studied by Munse (31-34) at the University of Illinois and Jones (35).
From the results of 131 riveted joint tests under static tensile and
compressive loads, they concluded that the strength of a joint
loaded in static tension is not reduced as a result of permitting
the bearing stress to equal 2.25 times the net tensile stress on the
main material. This bearing ratio of 2.25 holds true for both
single-shear joints and double-shear joints. Munse also indicated
that the increase in gage length (distance between two adjacent
holes in a line perpendicular to applied load) to produce higher
bearing intensities did not increase the ultimate strength in
proportion to the attendent increase of net section. Jones also
noted that in joints with no more than two rivets in the line of
stress, the bearing ratio of 2.25 is correct only if the end distance
is sufficient to avoid splitting out the rivet through the end
section. The allowable bearing stress and minimum end distance were
also discussed by Fisher and Struik in a design guide recently
published for use of riveted and bolted connections (36). It is
suggested that the required end distance to prevent the plate from
splitting out and the allowable bearing stress can be obtained by
equating the shear resisting capacity of two parallel planes and the
maximum load acting on the bearing area transmitted by one bolt.
After analyzing the results of numerous tests conducted in the
United States, Netherlands and Japan, Fisher and Struik noted that
the bearing ratio should be 3.0 instead of 2.25. Consequently, new
design formulas are recommended in Reference 36 to determine the
required edge distance and the allowable bearing stress.
In 1946, an extensive study of the structural behavior of
bolted connections in light gage steel constructions was made by
Cissel and Legatski at the University of Michigan (37). A total of
602 tests had been carried out for both single-shear and double-shear
joints under simple tension. Test specimens consisted of either
single bolt or multiple bolts. Based on the test results, they
indicated that the requirements for determining the shear strength
of bolts and the tensile strength of the thick members in the net
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section can also be applied to light gage steel members. However,
it was found that the conventional limitation on bearing stress is
not suitable for thin steels because the test data showed wide
variation of bearing stresses. Instead of limiting the bearing
stress, Cissel and Legatski indicated that the shear resisting
capacity along the tear-out plane is a better measurement for
predicting the failure load of a joint. In addition, two equations
were derived to predict the ultimate loads of bolted connections in
light gage steels. These equations involve several parameters which
include the yield point of the steel, thickness of connected parts,
edge distance, spacing of bolts, size of bolts, and number of bolts.
They also noted that slip is dependent upon the condition of contact
surfaces and initial tension of bolts.
In the 1950's, Winter (38-42) conducted a total of 574 connection
tests at Cornell University using hand-tight black bolts to study
the behavior of bolted connections in light gage steel. From the
load-deformation diagrams, Winter found that there are three
specific load levels which can describe the behavior of joint
deformations. They are slip load, proof load and ultimate load.
Slip load is the load at which joint deformation is due to initial
clearance in the hole; proof load is the load up to which no large
increase in deformation occurs with small increase in load; ultimate
load is the load after which joints fail to function due to excessive
deformations. After comparing with the results of tests conducted at
the University of Michigan, Winter indicated that negligence of the
bearing stress and proof load in the determination of load carrying
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capacity of connections is in error. Actually bearing between bolts
and connected parts always exists as long as the applied load overcomes
the friction force between the contact surfaces of connected members.
In other words, bearing stress will be developed when the applied load
is in excess of the slip load. Based on his test results, Winter
observed four distinct failure modes concerning the strength of joints,
namely, longitudinal shearing failure of the sheet, bearing failure of
the sheet, transverse tearing failure of the sheet, and shearing of the
bolt. Four equations were then formulated to predict the failure
loads and will be discussed in detail in Chapter IV. To limit the
joint deformations to a reasonably small value at design loads, the
adequate safety factor of 2.0 to 2.5 can be applied to those four
conditions. winter also indicated that all of the four equations
are applicable to both the single-shear and double-shear connections,
and to single bolts as well as mUltiple bolts in a line perpendicular
to the applied load. The tensile capacity on the net section of
connected sheets with multiple bolts in a line parallel to the
applied load was investigated by Popowich (43). It was found that
connections with more than one bolt in line of stress have a higher
tensile capacity than that of single bolt connections.
Because of the increasing use of high-strength bolts in steel
construction, a study of light gage steel connections with
high-strength bolts was conducted by Winter (44) in 1956. After
analyzing the 476 test results, he found that the equations
previously derived for calculating the ultimate load for ordinary
black bolt joints can also be satisfactorily and conservatively
used for connections with high-strength bolts. Because high-strength
bolts have about twice the tensile strengths of ordinary bolts and
are tightened to the prescribed tension forces, connection slip can
be minimized at design loads. Winter also noted that when bolt
shear governs, the required number of bolts can be reduced due to
their high shear strength. In addition, a lower safety factor of
about 1.7 to 2.0 is considered to be appropriate for connections




III. EFFECTS OF COLD WORK ON MECHANICAL PROPERTIES OF CORNERS
A. Analytical Investigation
Corners are usually cold-formed by roll-forming, press brake and
bending brake operations. The strain distribution in the plane of
bending of corners varies linearly with the thickness of the material.
Because of the shift of the neutral axis from the centroid axis toward
the center of curvature after the corner is formed, the unit strain in the
tensile surface is larger than that in the compressive surface. The
amount of these permanent strains is dependent on the degree of cold
work. A corner with a small bend radius is subjected to more cold
work than that with a large bend radius, if the same thickness of
material is under consideration. When the corner element is loaded
in tension or compression in the direction normal to the direction of
cold work, the yield point and the ultimate tensile strength of
corners are found to be higher than those of virgin material.
simultaneously, the ductility of corners is reduced as compared with
that of virgin material.
The average raise in yield point of corners was first studied
by Karren (20). In his study, the following power function was




where a = effective stress, £ = effective strain, k = the strength
coefficient, ksi, and n = the strain hardening exponent. This
(1)
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equation is valid only for the following assumptions:
1) the material is isotropic under plastic condition,
2) elastic strains are negligible in comparison with plastic
strains,
3) shearing stresses are responsible for plastic deformations
but normal stresses are not,
4) the ratios of the principal strains remain constant
throughout the straining which takes place,
5) the principal axes of successive strain increments do not
rotate with respect to the element,
6) the tensile and compressive stress-strain curves coincide
when expressed in terms of true stress and true strain,
7) no Bauschinger effect is present in the direction normal
to the direction of cold work, and
8) there is no change in volume as a result of plastic
deformation.
Using the Von-Mises distortion energy yield criterion, the




', and a3 are the principal stresses in term of true stress.
Jr uniaxial tension, Eq. 2 reduces to
a = a'
In a similiar manner, the effective strain can be determined as
(3)
£ = 12 / (£' _ £') 2 + (E:' _ E:') 2 + (E:' _ ') 2
3 1 2 2 3 3 £1
Ie condition of uniaxial stress in the plastic range
£3 = - ~ £i) , Eg. 4 becomes
£ = £'
rom Eqs. 3 and 5, Eq. 1 reduces to
a' = k(£,)n
the logarithm of both sides of Eq. 6
Ina' = Ink + nln£'
.ues of k and n could be obtained by plotting true stress vs.
~rain of the virgin material from a tension coupon test on
. paper. Based on the test results of nine different
Is (ultimate tensile strengths range from 49.0 to 66.6 ksi,
sile yield points range from 30.7 to 42.8 ksi), Karren found
e following equations may be used to calculate the values of
















= ultimate tensile strength of virgin material, ksi, and
F = tensile yield point of virgin material, ksi. By observingy
Eqs. 8 and 9, it can be seen that the ratio of kiF and the value ofy
n tend to increase with increase in the F IF ratio.
u y
In order to investigate the relationships between the tensile
yield point of cold-formed corners and the values of k and n, Karren
has established two mathematical models as shown in Figs. 6 and 7.
The first corner model shown in Fig. 6 is assumed to be formed from
flat steel sheet by pure bending. The second corner model, based
on the assumption that the radial pressure p is also present during
the plastic bending of corners, is shown in Fig. 7. From the
assumptions of 1) plane sections before plastic bending remain
plane after bending, and 2) the corner model is in a condition of
plane strain, Karren found that the tensile yield point of corners,














= 2R+t for the first corner model
2
= IR(R+t) for the second corner model
n which R = inside bend radius, in., t = thickness of the material,
n., r = radius to the axis of zero strain, in., and r = radius to
o
any point in a corner. Since the evaluation of Eq. 10 is a tedious
job for practical use, Karren introduced the following equations
based on his test results:
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F =yc (11)
For the first corner model,
b = 0.945 - 1.315n
and
m = 0.803n
For the second corner model,
b = 1.0 - 1.3n
and
m = 0.8SSn + 0.035
After comparing the test data with the above equations, Karren
noted that Eqs. 14 and 15 are better correlated with test results
than Eqs. 12 and 13. This indicates that the radial pressure is
present in the process of cold-forming a corner.
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Be = 3.69(Fu )
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F 2
- O.819(FU ) - 1.79
y
(19)
Hence, Eq. 11 can be rewritten as
Fyc ( 20)
in which values of Band m are determined by Eqs. 19 and 17,
c
respectively.
Equations 17, 19, and 20 are included in the current AISI Design
Specification to predict the tensile yield point of corners. The
compressive yield point of corners may also be calculated by these
equations since the test data showed that most of the yield points of
corners under compression are slightly larger than tensile yield
in the cold-forming operation.
points (20). Because of the coverage of experiments from which the
terms of B
c
and m are derived, these semi-empirical equations are
subjected to the following limitations:
1) ratio of R/t cannot be larger than 7,
2) ratio of F /F must be larger than 1. 2, and
u y
3) corner angle does not exceed 120 degrees.
A study of Eq. 20 for F indicates that the tensile yield pointyc
of corners is mainly affected by the virgin yield point, F , the
y
material parameter, F /F , and the geometrical parameter, R/t, used
u y
The F /F ratio is a measure of the
u y
strain hardenability of the virgin steel. A steel having a large
F /F ratio is capable of providing relatively large amounts of
u y
strain hardening, therefore, a large increase in yield point is
expected. The R/t ratio represents the amount of plastic
cold-straining occurring at the corner section. A small R/t ratio
indicates a large degree of cold work.
For corners with large R/t ratios, which could be often found
in the tubing sections, the increase in yield point of corners is
mainly attributed to strain aging other than strain hardening as
pointed out by Karren and Gohil (25). It was also found that when
the R/t ratio is larger than 10, Eq. 10 is no longer valid by using
Eqs. 17 and 19 to compute the values of m and B. Instead, they
c
derived two modified formulas for the calculations of Band m
c
based upon the corner tests with R/t ratios ranging from 1.4 to 70.
According to Karren and Gohil, the expressions for Band m
c
used in Eq. 20 to predict the tensile yield point of corners with
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m ::: 0.222 FU - 0.120
Y
The increase in yield point of corners due to cold-forming was
(22)
also studied analytically by Lind and Schroff (26). Other than using
the power function adopted by Karren to represent the plastic
stress-strain relationships, they assumed that the stress-strain
relationship after yielding occurring is linear, i.e., the strain
hardening range may be denoted by a straight line with a slope of
4a(F /F )/A, in which A and a are both constants. Under the
u y
assumptions such as the material is elastic-plastic and elastic
strains can be negligible in comparison with plastic strains, the
following equation was derived by Lind and Schroff to predict Fyc
Fyc
t
::: F [1 + a-------






By using Karren's test results in the above equation, the value of a
was found to be 3.34. Lind and Schroff also indicated that the
compressive yield point of corners can be satisfactorily and
conservatively determined by Eq. 23. A comparison of Eq. 23 and
Eq. 30 leads to the same conclusions that the corner yield point is
a function of tensile yield point of virgin steel, the ratio of
ultimate tensile strength to tensile yield point and the corner
curvature ratio, R/t. In addition, Lind and Schroff noted that the
increase in yield point of corners is independent of the corner angle.
B. Experimental Investigation (17)
The empirical equations for the values of Band m discussed in
c
Article III.A are based on the analytical study and the results of
tests conducted by Karren (20). The materials used in the tests
include both cold-reduced and hot-rolled sheet steels. The
thicknesses of the steel sheets range from 0.06 to 0.15 in.
In order to verify the applicability of Eqs. 17, 19, and 20 for
steel sheets and plates thicker than 1/4 in., an experimental
investigation was conducted at the University of Missouri-Rolla to
study the effect of cold work on the yield point of corners made
from thick sheets and plates. The corner specimens used in the tests
were cut from the cold-formed channel sections as shown in Figs. 8
and 9. These sections were cold-formed to shape from 1/2 and 1 in.
steel plates. They were specifically designed for the study of the
following parameters:
1) Thicknesses of materials: 1/2 and 1 in.
2) R/t ratios: 3, 5 and 6
3) Types of stress: tension and compression
4} Types of steel: A36 and A588 steels
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Three types of testing were carried out in this program. They
are:
1) Tensile and compressive tests of virgin steels
2) Tensile tests of corner sections
3) Compressive tests of corner sections
The preparation and testing of specimens, and the evaluation of the
test data are discussed for all tests in the following articles.
1. Preparation of Test Specimens
The channel sections used in the test program were fabricated
from both A36 and A588 steel plates by using a l250-ton hydraulic
press machine. Fig. 8 shows the nominal dimensions of the 1/2
and 1 in. channels. Fig. 9 is a photograph showing four channel
sections.
The chemical compositions of the A36 and A588 steel plates
used in this testing program were analyzed by the producers.
The results are included in Tables IV-A and IV-B. They were
obtained from the producers through the fabricator of these
channel sections.
a. Tensile and Compressive Specimens for Virgin Steels
In this investigation, both tensile and compressive tests
were conducted on virgin materials. The purpose of these tests
was to obtain the tensile and compressive mechanical properties
of the A36 and A588 steel plates.
For tensile tests, the specimens shown in Fig. 10 were
prepared in accordance with the ASTM Specification EB (46).
Because two different standard specimens are specified by ASTM,
the sheet-type standard specimens were used for the 1/2 in.
thick steel plates, for which a 2-in. gage length was used.
For the I in. thick steel plates, plate-type standard specimens
with an 8-in. gage length were used. The dimensions of the
tensile specimens cut from the flat steel plates are shown in
Fig. 11 and listed in Tables V-A and V-B. During preparation
of the tensile specimens, special care was taken to assure
good workmanship. In all cases, the specimens are sYmmetrical
with the center line of the reduced section.
For compressive tests, the test specimens were prepared
in accordance with the Technical Memorandum No. 2 of the
Column Research Council (47). The dimensions of the specimens
are shown in Fig. 12 and are listed in Tables VI-A and VI-B.
The slenderness ratios used for the specimens range from 13.8
to 15.8, which satisfy the requirements of Appendix A of the
AISI Specification (3). During preparation of the specimens
used for compressive tests, the specimens were machined on two
cut sides and on both ends. Both ends are parallel and plane
and normal to the longitudinal axis of the specimen within
close limits.
During preparation of both tensile and compressive
specimens, special care was taken by using a proper cooling
process to avoid the possible effect of machining on the
mechanical properties.
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b. Corner Specimens for Tensile Tests
In a study of the effect of cold work on the yield point of
thick steel sheets and plates, the entire curved corner sections
cut from the channels shown in Figs. 8 and 9 were excessively
large for testing in the machine available at the Structural
Laboratory in the Department of Civil Engineering of the
University of Missouri-Rolla. For this reason, five small
tensile specimens were cut from each corner of the 1/2 in. thick
channel section. Fig. 13 shows the location of the tensile
specimens taken from the channel sections having a R/t ratio of
3, whereas Fig. 14 shows the location of the tensile specimens
taken from the channel sections having a R/t ratio of 6. The
dimensions of individual tensile specimens are shown in Fig. 15
and listed in Tables VII-A, VII-B, VIII-A, and VIII-B. It
should be noted that Tables VII-A and VII-B are for the corners
having R/t=3 and Tables VIII-A and VIII-B are for the corners
having R/t=6. After the tensile specimens were cut from
channel sections, both ends were press flattened for ease of
grasping in the test machine. The central portion of each
specimen was then machined to the dimensions shown in Fig. 15.
The length of the reduced section was based on the typical
dimensions for the 2-in. gage length specified in the ASTM
Specification. During preparation of these tensile specimens,
the same cooling process was used to avoid the possible effect
of machining on the properties of steel at corner sections.
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No specimens were taken from the 1 in. thick channels for
tensile test due to the limitation on the capacity of the
testing machine available in the Structural Laboratory.
c. Corner Specimens for Compression Tests
In order to study the effect of cold work on the compressive
yield point of corner sections, the test specimens were cut from
the 1/2 in. thick channel sections as shown in Figs. 16 and 17.
The 1 in. thick corners used in the compression tests are
similar to those shown in Fig. 16.
The dimensions and sectional properties of the A36 steel
corner specimens used in this test program are listed in
Table IX-A. The slenderness ratios for the eight compressive
tests range from 16.7 to 18.7. Similar to the test specimens
cut from flat steel plates, the corner specimens were machined
on two cut sides and on both ends with special care. In
addition, both ends are parallel and plane and normal to the
longitudinal axis of the corner section.
For A588 steel, the dimensions and sectional properties
of corner specimens are listed in Tables IX-B and IX-C for
the 1/2 in. thick material. In Table IX-B, test specimens
CCl-I-588 and CCl-2-588 are 90° full corners, while specimens
CC2-l-588, CC2-2-588, CC2-3-588, and CC2-4-588 are half
corners as shown in Fig. 18. Half corners are used because
the load-carrying capacities of the 90° full corner specimens
for R/t=6 were close to the maximum capacity of the testing
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machine available in the Civil Engineering Department. In
Table IX-C, test specimens CC3-1-588 to CC3-5-588 were cut
from the same corner used for CC2-1-588 and CC2-2-588, and
test specimens CC3-6-588 to CC3-10-588 were cut from the same
corner used for CC2-3-588 and CC2-4-588 (see Fig. 19). The
small individual specimens listed in Table IX-C were tested
for the purpose of checking the yield points of CC2-l-588 to
CC2-4-588 listed in Table IX-B.
Table IX-D gives the dimensions of test specimens for the
determination of compressive yield point of the 1 in. thick
corners cut from the A588 steel channels.
2. Testing of Specimens
a. Tensile and Compressive Tests for Virgin Steels
Eight tensile specimens (four specimens were cut from the
1/2 in. thick plates and four specimens were cut from the 1 in.
thick plates) prepared from the A36 and A588 flat steel plates
were tested in a 200,000 pound, Tinius Olsen, universal testing
machine. The test procedures were based on the ASTM E8 (46).
The stress-strain curves of 1/2 in. thick plates were obtained
by using an autographic recording device. For 1 in. thick
plates, the extensometer available in the Structural Laboratory
cannot be placed on the test coupons. Two 1/4 in. foil strain
gages were therefore mounted to two opposite surfaces of the
specimens to obtain the stress-strain curves. The test set-up
is shown in Fig. 20.
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Eight specimens prepared from the A36 and AS88 flat steel
plates for compression tests as shown in Fig. 12 were also
tested in the Tinius Olsen, universal testing machine. The
stress-strain relationships were obtained by using a pair of
1/4 in. foil strain gages mounted on two opposite surfaces of
the specimens by using the M-Bond 200 adhesive. During the
testing, the applied load and strain gage readings were
recorded and printed out on type by using a 40 channel Data
Acquisition System as shown in Fig. 21. The printed data were
used to plot the stress-strain curves for compression tests
of virgin materials reported in Article B.3.a of this chapter.
b. Tensile Corner Tests
Forty specimens (20 specimens were cut from corners of
the A36 and A588 steel channels having R/t=3 and 20 specimens
were cut from the corners of the A36 and A588 steel channels
having R/t=6) were tested in the Tinius Olsen, universal testing
machine in the same manner as that used for the testing of the
virgin flat steel plates. Because both ends of the specimens
were press flattened prior to the machining of the central
reduced portion, no difficulties were encountered in the tests.
The stress-strain curves shown in Article B.3.b of this chapter
were also obtained by using an autographic recording device.
c. Compressive Corner Tests
For A36 steel, four corner specimens cut from the 1/2 in.
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thick channels (Fig. 17) were also tested under compression in
the 200,000 pound, universal testing machine. Fig. 22 shows
the set-up for the testing of corner sections under compression.
The stress-strain relationships were also obtained by using a
pair of 1/4 in. foil strain gages mounted on the opposite
surfaces of the specimens. The strain gage readings were also
recorded and printed out on type by using the Data Acquisition
System in the same manner as that used in the virgin compression
specimens.
In addition, four full corner specimens cut from 1 in.
thick channel have been tested under compression in a 600,000
*pound, universal testing machine. The stress-strain curves
were plotted from the data recorded by a portable digital strain
indicator.
For A588 steel, two full corners, four half corners, and
ten small specimens, for which width is nearly equal to the
thickness, cut from the 1/2 in. thick channels were also tested
under compression in the 200,000 pound, universal testing
machine in the same manner as that for the testing of A36 steel
corners. For the 1 in. thick corners, instead of testing the
full corners, 20 small compression specimens cut from the
corners of 1 in. thick channels were tested in the 200,000
pound, universal testing machine. In these tests, 1/4 in.
foil strain gages were also used to obtain the stress-strain
* .The tests were performed ~n Laclede Steel Company.
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relationship of the corner specimens.
3. Results of Tests
a. Tensile and Compressive Mechanical Properties of Virgin Steels
The tensile mechanical properties, including yield point,
ultimate tensile strength, and elongation obtained from the tests
for the 1/2 and 1 in. thick A36 steel plates, are presented in
Table V-A. Table V-B contains the tested tensile mechanical
properties of the A588 steel plates. The values obtained from
this investigation are approximately the same as those provided
by the producers. The average stress-strain curves obtained
from the tensile tests of the 1/2 in. thick steel plates are
plotted in Figs. 23 to 32 as virgin properties.
The compressive yield points of the 1/2 and 1 in. thick
steel plates are listed in Tables VI-A and VI-B. A comparison
of Tables V-A, V-B, VI-A, and VI-B indicates that the yield
points for tension and compression are nearly equal. The
average stress-strain curves obtained from compression tests
of the 1/2 and 1 in. thick A36 and A588 steel plates are shown
in Figs. 33 to 50.
b. Tensile Mechanical Properties of Corner Sections
For the tensile specimens cut from the corners of the
1/2 in. thick channel sections, the stress-strain curves for
individual specimen tests are shown in Figs. 23 to 26 for A36
steel and in Figs. 28 to 31 for A588 steel. Figs. 23 and 24 are
for the specimens cut from the A36 steel corners having a
nominal R/t ratio of 3. Figs. 25 and 26 are for the specimens
cut from the A36 steel corners having a nominal R/t ratio of 6.
Figs. 28 and 29 are for the specimens cut from the A588 steel
corners having a nominal R/t ratio of 3. Figs. 30 and 31 are
for specimens cut from the A588 steel corners having a nominal
R/t ratio of 6.
Also shown in Figs. 23 to 26 and Figs. 28 to 31 are
composite curves representing the stress-strain relationship of
the 90° full corner section. They were computed from the
measured data obtained from individual coupon tests. In the
construction of composite stress-strain curves, the following
technique was used:
1) Divide the cross section of the full corner to be
investigated into five subareas, each of which has
its own characteristic stress-strain curve as shown
in Figs. 23 to 26 and Figs. 28 to 31.
2) For a given value of strain, find the corresponding
stress of each subarea.
3) Multiply the stress from each subarea by the ratio
of the subarea to the total cross sectional area.
4) The representative stress is the sum of these
products for all of the subareas.
The tensile yield points measured from the stress-strain
curves by using the 0.2 percent offset method and the tested
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ultimate strengths are listed in Tables VII-A, VII-B, VIII-A,
and VIII-B for R/t=3 and 6. In all tables, the yield points
of the corner sections were measured from the composite curve
shown in Figs. 23 to 26 and Figs. 28 to 31.
It is well known that for the same material, the increase
of yield point of steel at corners depends mainly on the R/t
ratios used. Figs. 27 and 32 show the effect of R/t ratios
on the tensile stress-strain curves and the increase of yield
point for A36 and A588 steels, respectively.
c. Compressive Mechanical Properties of Corner Sections
The stress-strain curves obtained from the compression
tests of 90° full corners cut from the 1/2 in. thick A36 steel
channels are shown in Figs. 33 and 34 for nominal R/t ratios
of 3 and 6, respectively. The average compressive stress-strain
curves for R/t=3 and 6 are compared in Fig. 35 for the purpose
of determining the effect of R/t ratios on compressive yield
points of corners. Also shown in Fig. 35 is a curve for the
virgin material. This curve makes it possible to compare the
increase of yield point of steel that is caused by the cold
work.
For corners cut from the I in. thick A36 steel channels,
four compression tests were carried out. The stress-strain
curves obtained from the tests are shown in Fig. 36 for a
nominal R/t ratio of 3 and in Fig. 37 for a nominal R/t ratio
of 5. Fig. 38 shows a comparison of the compressive stress-strain
curves of the virgin material and corner sections having R/t
ratios of 3 and 5.
The measured compressive yield points of eight, A36 steel
corners and the average values are tabulated in Table IX-A.
For the A588 steel corner sections, the compressive
stress-strain curves of the two full corners with R/t=3 cut
from the 1/2 in. channels are shown in Fig. 39. The average
curve for the case of R/t=3 is shown in Fig. 45. For the 1/2
in. thick channels having R/t=6, the compressive stress-strain
curves of the four half corners tested are shown in Figs. 40
and 41. Figs. 42 and 43 show the stress-strain curves of ten
individual compression tests and the composite curves for full
corners. The average curve for the case of R/t=6 is shown in
Fig. 44. The effect of R/t ratio on the compressive yield
point of steel is illustrated in Fig. 45.
With regard to the investigation of the 1 in. thick, A588
steel, the stress-strain curves of the individual compression
specimens, cut from the channels having R/t=3 and 5, and the
composite curves are shown in Figs. 46 to 49. The effect of
R/t ratios on the compressive yield points of corners is shown
in Fig. 50 in which the stress-strain curves for R/t=3 and 5
are the average values of the composite curves plotted in
Figs. 46 to 49.
The measured compressive yield points of A588 steel
corners and of the individual compressive coupons cut from the
corners are present in Tables IX-B, IX-C, and IX-D.
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4. Evaluation of Test Results-Regression Analysis
The test results obtained from this investigation of the
increase in yield point at corners were compared with Eqs. 17,
19, and 20 developed by Karren (20) and Eq. 23 derived by Lind
and Schroff (26). It was found that the theoretical values of
corner yield point calculated from Eq. 23 are approximately the
same as those determined by Eqs. 17, 19, and 20 for the same
material with same R/t ratios, this is so because the constant
term a in Eq. 23 was determined from the test data which were
used to derive the semi-empirical equations 17, 19, and 20,
even though both sets of equations were derived on the basis of
different assumptions (i.e., linear strain hardening function
vs. power function for strain hardening). To verify the
suitability of the current AISI design equations for thick
steel corners, the test results obtained from this investigation
were compared with the values calculated from Eqs. 17, 19, and
20.
Table X-A contains a comparison of the tested yield points
of corners and yield points computed on the basis of Eqs. 17,
19, and 20. It can be seen that the ratios between the tested
and computed values for the A36 steel corner sections range
from 0.87 to 1.01.
For A588 steel, a comparison of the tested and computed
yield points of the 1/2 in. and 1 in. thick steel corners is
given in Table X-B. For the corner sections investigated in
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this program, good agreement was found between the tested and
computed yield points of corners. As indicated in Table X-B,
the ratios of (F) I(F) range from 0.94 to 1.03.yc tested yc computed
The above comparisons indicate that the current AISI
formulas (Eqs. 17, 19, and 20), developed on the basis of both
the hot-rolled and cold-reduced steels, slightly overestimate
the corner yield point for the channel sections made of A36
steel plates; however, the formulas do provide good results for
the sections made of A588 steel plates. This is possibly
occasioned by the difference in stress-strain curves for two
different steels. As shown in Fig. 51, A36 steel has a sharp
yielding type of stress-strain curve with a considerably larger
plateau as compared with that of A588 steel. It can be seen
from the same figure that for A36 steel, the yield point of
corners will not be affected by strain hardening until the
strain of fibers reaches 0.018 in./in., but for A588 steel,
the strain hardening begins at the smaller strain of
0.008 in./in.
In order to investigate the possibility of deriving a
revised formula that will encompass A36 steel, the material
properties of corner specimens reported in Reference 20 were
re-evaluated by using regression analysis (48, 49, 50). In
this study, only the test data for hot-rolled steels were used.
From previous studies, it is known that the yield point
of corners depends on F and F IF ratio of the virgin steely u y








Eq. 24 can be rewritten in a non-dimensional form as shown in
Eq. 25:
F F




Referring to the AISI design formulas (Eqs. 17, 19, and 20),
it is realized that the ratio of F IF may be expressed by ayc y










in which Band m are the function of F IF only. Taking the
c u y
logarithm of both sides of Eq. 26,
F
In (FYc ) =
y
(27)
This equation can be plotted as a straight line on log-log paper
with the slope of -m which intercepts In(B ) on the axis of
c
In(F IF). For the same material with a constant value ofyc y
F IF , it can be seen that In(F IF) is only affected by
u y yc Y
In(Rlt). Thus, linear regression analysis may be used to predict
the average values of the dependent random variable F IFyc y
when the independent variable R/t has specified values.
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Letting the dependent variable In(F IF) be y, and theyc y
independent variable In(Rlt) be x, the linear regression function
can be written as:
E(ylx) = a + Sx
in which E(ylx) is the conditional expected value of y for a
(28)
given value of x. a and S are two parameters to be determined.
The graphical explanation of Eq. 28 is shown in Fig. 52. Eq. 28
is subjected to the following assumptions:





The values of x are controlled.
The deviations y. - E(ylx.) are mutually independent.
1 1
2These deviations have the same variance, 0 , whatever
be the values of x.
5) These deviations are normally distributed.
The estimators of the parameters a and S can be determined
by the method of maximum likelihood estimators. The conditional
probability density function of y, which is normally distributed
about a regression line E(y!x) = a + Sx, is
f(Ylx) 1 1 2---- exp[- ---[y - (a + Sx») )/2TIo - 20 2 ( 29)
For any given value of x, y is normally distributed with
2
E(y\X) = a + Sx, and variance o. The likelihood function for
the sample size of n can be written as:
L =
n I I 2
IT ~ exp[- ---2[Y' - (a + Sx.)] ]
i=l t2no 20 ~ ~
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(30)
Taking the logarithm of the above equation, it then becomes
In (L) n n 2 I n 2= - - In(2n) - - lno - ---2 l [Yo - (a + Sx.)]
2 2 20 i=l ~ l (31 )
2the maximum likelihood estimators of the parameters a, S, and 0
can be obtained by taking the partial derivatives of In(L) with
respect to a, S, and o. Letting each of these derivatives be
zero, the following equations can be obtained:
n
L (Y. - a - Sx.) = 0
. 1 ~ ~~=













Solving Eqs. 32 and 33, the estimators of a and S can be obtained
as shown in Eqs. 35 and 36:
n n
L Y. L x.
i=l ~ i=l ~
a = - b
n n


















Eq. 34 gives the variance about the regression line. The relation




= n=2 r (y.
. 1 ).].=
2
- a - bx.)
). ( 37)
From Eqs. 3S and 36, the regression line y = a + bx can be
determined. The standard deviation about this best data-fitted
line can be obtained by taking the square root of Eq. 37.
Because of the scatter of the experimental results,
questions often arise on the appropriate confidence intervals
to be used for the regression line. In the past, ninety-five
percent confidence interval has been used in a number of
problems concerning structural engineering. For this reason,
the 95% confidence level was also used in this study. Using
t-distribution with n-2 degree of freedom, the upper limit of
the dependent random variable, y, with lOO(l-y) percent
confidence interval about the regression line for a specified
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n 2L (x. - x)
. 1 1.1=
= (a + bx ) - t (l +
o n-2,I-y/2 n
in which y represents the probability of error; t , the
n-2, l-y/2
probability of l-y/2 of t-distribution with n-2 degree of
freedom, can be found in the probability table of t-distribution.
It should be noted that the confidence interval is based on the
expected value of random variable y for a given particular value
of x , not on the individual values of y.
o
Analyzing the average results of corner tests for
hot-rolled steels carried out previously by Karren at Cornell
University (20) by the techniques discussed above, the following















m = 0.187(FU ) - 0.082
y
(42)
If the design formula for F is based on the 95% probabilityyc
of the corner tests of hot-rolled steels, the following formulas










m = 0.187(Fu ) - 0.072
y
(45)
The values of B (Eqs. 19, 41, and 44) and m (Eqs. 17, 42,
c
and 45) are compared in Figs. 53 and 54, respectively.
The tested values of F for A36 steel corners and theyc
tensile yield points of corners computed by Eqs. 43, 44, and 45
However, for corners made of
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are compared in Table X-C. The ratios of (F) /(F)
yc tested yc computed
range from 0.92 to 1.05. These values are about 5% higher than
that given in Table X-A. The correlations between the test data
and various equations are shown graphically in Figs. 55 and 56
for A36 steel corners. For A588 steel corners, the correlations
between the test data and various equations are shown in Figs. 57
and 58.
The results obtained from the Cornell tests for thin
material have also been compared with various equations shown
in Figs. 59 to 62. An observation of Figs. 59 to 62 indicates
that for a number of corners made of hot-rolled steel sheets,
the AISI formulas (Eqs. 17, 19, and 20) slightly overestimate
the corner yield point, Fyc
cold-reduced steel sheets, Figs. 63 and 64 indicate that the
AISI formulas provide good prediction for the corner yield
point. In view of the fact the hot-rolled steel has a sharp
yielding and that cold-reduced steel has a gradual yielding,
it can be seen that the increase in yield point of corners is
not only affected by
but is also affected
virgin material.
F , the ratio of F /F , and ratio of R/t,
y u Y
by the type of stress-strain curve of the
Since Eqs. 43 to 45 are derived on the basis of test
results from Karren's work, the limitations on Eqs. 17, 19,
and 20 also apply to these equations.
5. Discussion of Test Results
a. Changes in Mechanical Properties of Corners
As expected, when the flat materials are cold-formed to
desired shapes, the yield point and ultimate tensile strength
of corners will be increased and the ductility of corners will be
decreased as compared with that of virgin flat steels. Previous
studies indicated that the percentage increase of yield point
in corners is much higher than the percentage increase of
ultimate tensile strength in corners. This phenomenon is also
true for sections cold-formed from thick sheets and plates.
In this study, the percentage increases in tensile yield
point range from 20 to 33% for A36 steel, and from 22 to 32%
for A588 steel. For the compressive yield points of corners,
test data show 13 to 47% increases for A36 steel and 18 to 34%
increases for A588 steel as compared with the virgin compressive
yield points. The percentage increases in ultimate tensile
strength are from 1 to 5% and 7 to 11% for A36 and A588 steels,
respectively.
The reduction of ductility of corners can be observed by
the reduction of elongation. For A36 steels, the reductions
of elongation are from 41% in virgin materials to 26% in
corners. For A588 steels, the elongations are reduced from
35% to 20%. However, this relatively low ductility is
considered to be adequate for structural application.
In addition, it is noted that the ratio of ultimate tensile
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strength to tensile yield point of corners will be decreased in
comparison with that of virgin material. Test results indicate
that for A36 steel, these ratios were reduced from 1.60 for
virgin material to 1.26 for corners with R/t=3 and to 1.35 for
corners with R/t=6. Correspondingly, for A588 steel, the ratios
were reduced from 1.38 for virgin material to 1.16 for corners
with R/t=3 and to 1.22 for corners with R/t=6.
b. Comparison of Tensile and Compressive Yield Points of Corners
In this investigation, tensile and compressive tests were
carried out on full corners, half corners, and small specimens
cut from channel sections cold-formed from A36 and A588 steel
plates. A graphic comparison of the tensile and compressive
yield points of A36 steel corners is shown in Fig. 65 for
corners cut from the 1/2 in. thick channels. Also shown in
Fig. 65 are the stress-strain curves in tension and compression
for virgin materials. It is of interest to note that for the
same nominal R/t ratio, the tensile and compressive stress-strain
curves and the yield points of corners are approximately the same.
For A588 steel, the tensile and compressive stress-strain
curves of corner sections cut from the 1/2 in. thick channels
are compared graphically with the virgin properties in Fig. 66.
The above discussion on A36 steel corners also applies to A588
steel corners.
With regard to the 1 in. thick corners, only compressive
tests were conducted on full corners, half corners, and small
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specimens cut from channel sections. It is, therefore,
impossible to make any comparison for the tensile and compressive
yield points of corners. However, based on the results obtained
in the study for the 1/2 in. thick sections and the conclusions
drawn in Reference 20 for corners thinner than 0.15 in., it can
be assumed that for the 1 in. thick corners, the tensile and
compressive yield points of corner sections should be
approximately equal.
Because the tensile and compressive yield points of
corners are approximately equal, the assumption of neglecting
the Bauschinger effect in the direction normal to the direction
of cold work is considered to be a correct one.
c. Distribution of Yield Point Along Corner Sections
It is of interest to note the change of average yield
points of steel along the curved corner section. The
distribution of the tensile yield points in A36 and A588 steel
corners is shown in Fig. 67 for nominal R/t ratios of 3 and
6. As expected, the yield point of steel varies with the
degree of cold work. When the R/t ratio is equal to or larger
than 6, the yield point of steel along the curved corner is
practically uniform. The maximum yield point was found to be
only 3% higher than the average value of the entire corner
section.
d. Effect of Thickness of Stress-Strain Curves
In order to study the effect of thickness of steel on the
shape of the stress-strain curves obtained from the compression
tests of corner sections, four curves were plotted in Fig. 68
for A36 and A588 steels. Each curve represents the average
value of two curves. Because all the curves are practically
the same, it can be seen that the thickness of material does
not significantly affect the shape of stress-strain curves of
corner sections.
e. Effect of Residual Stress on Yield Point of Corners
In Karren's investigation (20), the effect of residual
stress in steel sheets on the increase in yield point of corners
had not been considered. This factor was also neglected in
this study.
The magnitude and distribution of residual stress in steel
plates depend on the type of steel and the cutting method used.
Even though no residual stresses were measured for the steel
plates used in the investigation for fabrication of channel
sections prior to cold-forming operation, previous studies
(51,52) indicate that in general only a small magnitude of
residual stress exists in the central region of the plate. This
region can extend across 60 to 95% of the plate width.
In this study, it was assumed that neglect of residual
stress present in the original plate does not affect
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significantly the results of tests because of the following
reasons:
1) All tensile coupons and many compressive specimens
are taken far from the edges of plates where the
residual stresses are low.
2) The formed corners are far from the edges of plates
and the residual stress is therefore low.
For the purpose of studying the possible effect of residual
stress, ten compressive specimens (CC3-l-588 to CC3-l0-588 in
Table IX-C) cut from two 1/2 in. thick, A588 steel corners were
tested after testing was completed on four half corners
(CC2-1-588 to CC2-4-588 in Table IX-B). The results of the
tests indicate that the difference between the average yield
point of half corners and the average yield point of corners
determined by the method of "sectioning" is only 2%. Due to
this small difference, the effect of residual stress in the
original steel plates on the yield point of corners is
negligible.
f. Effect of Thickness on Yield Point of Corners
Using the AIBI design formulas (Eqs. 17, 19, and 20)
derived from the test results of steel corners made of
relatively thin steel sheets (thinner than 0.15 in.) to predict
the yield point of corners made of 1/2 and 1 in. thick A588
steel plates, good agreements can be obtained as shown in
Table X-B. For this series of tests, the ratios of the tested
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and computed yield points of corners range from 0.94 to 1.03.
However, for the corners made of 1/2 and 1 in. thick A36 steel
plates, the modified equations (Eqs. 43 to 45) instead of AISI
formulas can give a better prediction of the yield point of
corners. A comparison of these two sets of equations also
indicates that the corner yield point is dependent on the
geometrical dimensional ratio, Rlt, not on the thickness, t,
itself. Based on the experimental results, it may be stated
that the thickness of corners is not a pertinent factor which
affects the yield point of corners.
g. Effect of Stress-Strain Curve of Virgin Material on
Yield Point of Corners
In view of the fact that the onset of strain hardening for
the gradual yielding type of stress-strain curve of virgin
materials occurs much earlier than that for the sharp yielding
type of stress-strain curve of virgin materials, corners
cold-formed from the gradual yielding steels will exhibit higher
increase in yield point than that cold-formed from the sharp
yielding steel. Therefore, in addition to the virgin yield point,
F , mechanical property parameter, F IF , and geometric parameter,y u y
Rlt, the corner yield point is also affected by the type of
stress-strain curve of virgin materials. Realizing this
difference, Eqs. 43 to 45 were specifically derived to predict
the yield point of corners made of hot-rolled steel having a
sharp yielding type of stress-strain curve. For corners
formed from cold-reduced steel with a gradual yielding type of
stress-strain curve, the AlSl formulas (Eqs. 17, 19, and 20)
are suitable for predicting the increase in yield point of
corners.
C. Summary
A total of one hundred tests have been conducted to study the
increase in yield point of the corners of channel sections cold-formed
from 1/2 and 1 in. A36 and A588 steel plates. The following
summaries can be drawn from the results of the tests:
1) After a corner is formed, the tensile and compressive
yield point and ultimate tensile strength of the material
will be increased, while the ductility of the material is
decreased.
2) The increase in yield point of corners is affected by the
yield point of virgin material, F , ratio of F IF , ratioy u y
of R/t, and the type of stress-strain curve of the virgin
material, but is not directly affected by the thickness of
corners.
3) For steel sheets and plates having a sharp yielding type
of stress-strain curve with a small plateau and for
cold-reduced sheets and strip having a gradual yielding
type of stress-strain curve, the AlSl design formulas
can give a good prediction of tensile yield points for
corner sections.
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4) For steel sheets, strip, and plates having a sharp yielding
type of stress-strain curve with a large plateau, the AISI
design formulas can also provide reasonable results;
however, the modified equations may be used to improve






In general the bolted connections can be classfied into two
types, i.e., lap joint and butt joint. The former is the single-shear
connection and the latter is the double-shear connection. These two
types of connections are shown in Figs. 69(a) and 69(b). In these
figures, d is diameter of bolts, in., d' is diameter of holes, in.,
t is thickness of connected parts, in., e is the edge distance
measured from the center of the hole to the end, in., and s is the
width of connected materials if there is only one bolt. If there
is more than one bolt in a row, s is the distance between two
adjacent bolts, in.
From the previous studies carried out by numerous investigators,
it is realized that there are four distinct types of failure modes,
which will determine the strength of bolted connections under an
applied load P. Based on the pattern of failure shapes, the
following four types of failure were observed by Winter for bolted
connections used in thin, cold-formed steel constructions:
1) Type I failure (Fig. 70(a)): longitudinal shearing of the
connected sheets along two parallel lines, aa and bb, or
sometimes shear tear-out on two inclined planes, oC and oD.
This type of failure is due to the insufficient edge
distance, e.
2) Type II failure (Fig. 70(b)): bearing failure between
the sheet and the bolt. This is due to a large hole
deformation and the piling up of material in front of
the bolt.
3) Type III failure (Fig. 70(c»: tension failure in the
connected material. This is a tearing failure of the sheet
in the net section.
4) Type IV failure (Fig. 70(d»: shearing of the bolt. The
bolt fails along the shear plane.
The design of the bolted connections is thus based on the
consideration of the above-mentioned failure types.
The design provisions for the bolted connections have been
included in various specifications and standards. In this study,
not only the specifications dealing with thin, cold-formed steel
members such as AISI Specification (3), CSA Standard (53), British
Standard (54), the proposed Swedish recommendations (55), and
French (CTICM) recommendation (56) were reviewed, but the AISC
Specification (57) and the recommendations of Fisher and Struik (36)
for thick, hot-rolled steel shapes were also studied, in the hope
that the design provisions for bolted connections used for thick,
cold-formed steel members could be established.
Table XI presents a comparison of design provisions for bolted
connections used for cold-formed steel members. Table XII shows a
comparison of design provisions used for hot-rolled steel shapes.
Even though the primary objective of this study is to study the AISI
and AISC design provisions, other design criteria have also been
included in Tables XI and XII for additional reference. The main
reason for studying the AISI and AISC Specifications is that the
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former was primarily developed for the design of thin sections and
the latter for the use of thick members. Comparison of these two
specifications can provide a meaningful guidance for a study of the
validity of the current AISI Specification for the design of thick,
cold-formed members. From Tables XI and XII, it can be seen that
the main differences between the AISI Specification and the AISC
Specification for the design of bolted connections are the
permissible allowable stresses to be used for determining the bearing
capacity between bolts and plates and the tensile capacity in the net
cross section.
To prevent the above-mentioned four failure modes in bolted
connections, various design provisions are provided in the
specification to require a minimum edge distance in line of stress,
and to limit the bearing stress on the bearing area (dxt), the tension
*stress on the net section «(s-d')xt) , and the shearing stress on the
bolt area (~). The required edge distance and allowable stresses
will be discussed in the following sections.
B. Design Requirements
1. Minimum Edge Distance in Line of Stress
When a bolted connection with an edge distance, e, is
subjected to a tensile load, P, shearing and normal stresses
will be induced in the connected parts. If the edge distance
*The effect of staggered holes on the determination of net section
is not included in the AISI Specification.
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is insufficient, shear failure may develop along two inclined
lines at an angle 8 with the direction of the applied load
(Fig. 70(a», while stresses in other elements of the connection
may be within the elastic limits. This type of shear failure
may cause an excessive distortion of the hole (9). To prevent
such a failure, the requirement for minimum edge distance in
line of stress is necessary.
a. Design Criteria Included in Various Specifications
and Discussions of Background Information
The minimum edge distance of a bolted connection used in
the thin-walled, cold-formed steel constructions is limited by









where F is the yield point of the connected sheet. Eq. 46 is
y
apparently based on the fact that for any edge distance less
than 1.5d, the connection always fails by shear tear-out in the
connected sheet (Type I failure). This type of failure was
proven by the test results reported by the investigators at the
University of Michigan and Cornell University (37-41). The
actual values for the edge distance used in the Michigan and
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Cornell tests range from ld to 9d. Equation 47 is based on the
shear resisting capacity of the connected sheet along two
parallel planes, one bolt diameter apart. Results of the
Cornell tests (42) indicate that the type of shear failure
occurs at a total load of
P = 1.4etF
u y





By applying a safety factor of 2.33 to Eq. 49, the AISI design
provision given in Eq. 47 can be obtained.
In other countries, the Canadian Standard (53) specifies
the following minimum edge distance for a bolted connection
used in light gage steel construction:





The above two equations are practically identical with the AISI





distance should be in no case less than P/(O.5F t). As compared
u
with the AISI design provision, the Canadian requirement is
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somewhat unconservative for steels having a ratio of tensile
strength to yield point less than 1.35. For this case the
AISI Specification requires a minimum edge distance of
P/(O.45F t).
u
In Great Britain and France, the requirements for the edge
distance used in the cold-formed steel bolted connections are
the same as that used for hot-rolled shapes.
The edge distance of bolted connections in thin-walled
steel structures is also one of the requirements in the Swedish
recommendations (55). Based on the edge conditions, it requires
that for unstiffened edges, the edge distance e is
1. 5d < e < 2. 5d
For stiffened edges, the edge distance should not exceed five
times the nominal diameter of bolts. It can be seen that in
the Swedish recommendations, the minimum requirement for the
end distance is the same as that of the AISI Specification.
However, the Swedish recommendations include additional
limitations on maximum edge distance.
For hot-rolled shapes and built-up sections fabricated
from relatively thick steel sheets and plates, the AISC
Specification requires that the edge distance be satisfied
with the following limitations:
e > kd
~C







t for double shear
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where k = a factor which varies with the smoothness of the edge.
(k = 1-3/4 for a sheared edge, and k = 1-1/4 for a
rolled edge)
'b = nominal sectional area of the bolt, in2cross .
C = ratio of the specified minimum tensile strength
of the bolt to the specified minimum tensile
strength of the connected part.
Equation 53 is based on the smoothness of the edge. The
requirement of Eq. 54 is based on the following equation which
represents the condition that the shear resisting capacity of
the plate is equal to the shear capacity of the bolt:
where T = shear stress for connected part.p
T b = shear stress for bolt.
The AISC provision for single shear, Eq. 54, is based on
the assumption that the shear stress for connected parts is
(56)





The ratio of C used in Eq. 54 represents the necessary
modification when the tensile strength of the bolt is different
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from the tensile strength of the connected part.
The constant of 2 in Eq. 55 for double shear reflects the
fact that the bolt has two shear planes to resist the load. The
shear capacity of the bolt in double-shear connections is two
times that in single-shear connections. Thus, the minimum edge
distance in the direction of applied load in double-shear
connections is two times that in single-shear connections, if
same size of bolt and same connected material are used.
The subject of edge distance has also been studied by
Bresler, Lin, and Scalzi (9) who indicate that the required
edge distance can be expressed by Eq. 58:
e = e +!ct cos e (58)1 2
The symbols e, e l , d and e are shown in Fig. 70(a). Using the
shear resisting capacity of the two planes with a distance of
e l from the edge of the hole to the end of plate
the required edge distance e l can be computed as follows:
p
u
e l = 2t l P
From Eqs. 57, 58 and 60, it can be seen that the AISC
Specification is based on e = 90° and lp = (l/2)lb'




connections using hot-rolled steel shapes were also studied by
Fisher and Struik (36). On the basis of the shear capacity of the
connected plate, it was found that the ultimate shear capacity of
the connected plates along two oblique planes can be expressed as
P = 2t( e
u cos e
(61)
If a lower bound of the shear resistance is considered for e 0°,
then Eq. 61 becomes to Eq. 62
(62)
Let the shear strength be taken as 0.7 times the ultimate tensile
strength, then
P = l.4(e - ~)F t
u 2 u
The above equation can be rearranged as shown in Eq. 64:
P
u
e = 0.5d + 1.4F t
u
or





where 0b is the ultimate bearing stress determined on the basis
of the projected area of (dxt). This theoretical equation has
been verified by the results of tests conducted by Hirano (58)
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in Japan and de Back and de Jong (59) in the Netherlands. By
applying a safety factor of 2.0 to Eq. 65, the following design
criteria of the minimum edge distance can be obtained:
F




in which F is the allowable bearing stress. For the purpose ofp
simplicity, Fisher and struik also introduced the following















The minimum edge distance obtained from either Eq. 66 or Eq. 67
is also limited by the following equation:
e > 1.5d (69)
The load carrying capacity of bolted connections with small
edge distance was also recently studied by Tolbert and Hackett
(60). On the basis of their test results, they found that the
ultimate load determined from the following equation for a
bolted connection with small edge distance does not only depend
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on the area of the shear failure plane and mechanical properties
of the connected material, but also on the width-to-hole diameter
ratio, s/d', and hole diameter-to-bolt diameter ratio, d'/d.
P = ATe C
u spa r
where A = area of shear failure plane
s
(70)
C = width variation amplication factor, a function of sid'a
C = hole clearance reduction factor, a function of d'/d
r
This equation is applicable only to s > 2e.
Based on the experimental investigation of lug stress and
failure, Tolbert and Hackett recommended that the shear failure
plane be taken as the dotted lines shown in Fig. 70(a) with an




= 2t(e - 0.354d)






1.2(e - 0.354d)F t C C
u a r
(72)
With regard to the factor C
r
, the hole clearance used for
bolted connections of cold-formed steel structures is generally
1/16 in. for 1/2 in. diameter bolts and larger, and 1/32 in. for
bolts smaller than 1/2 in. in diameter (6). The ratios of d'/d
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for bolts of 1/4 to 1 in. in diameter range from 1.125 to 1.0625.
Based on the figure presented in Reference 60, the reduction
factor C
r
for the d'/d ratios mentioned above is about 0.85. As
far as the factor C is concerned, Tolbert and Hackett indicated
a
that the amplication factor can be conservatively taken as 1.0.
Substituting C = 0.85 and C
r a
1.0 into Eq. 72, the equation for
minimum edge distance can be derived as follows:
p
u
If a F /F ratio of 1.35 and a safety factor of 2.33 are used,
u y
the minimum edge distance determined by the above equation is
larger than that required by the AISI design equation.
b. Comparison of Design Criteria for Thin and Thick Steels
(73)
A comparison of Eqs. 46, 53, and 69 indicates that the AISI
requirement is approximately the same as that used by AISC, and
is identical with that recommended by Fisher and Struik.
Equations 47 and 54 cannot be compared directly because
they are derived on a different basis. As discussed previously,
Eq. 47 is based on the fact that the shear resisting capacity
of two longitudinal parallel planes from the center of the hole
to the edge of the plate must be adequate for the applied
allowable load, but Eq. 54 is to assure that the shearing strength
of the plate is at least equal to the shear strength of the bolt.
In his investigation of light gage steel bolted connections,
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Winter (42) found that the shear stress at failure on the bolt
root area, Tb , is equal to 0.6 times the ultimate tensile
strength of the bolt, F
ub
, i.e.
By using the average values of the yield point of unfinished
bolts, Fyb ' and the tensile strength of unfinished bolts, Fub ,







ub = 1.52Fyb into Eq. 74, the shear stress at
failure on the bolt is
(76)
If a safety factor of 1.67 is applied to the above equation,




Assuming that the mechanical properties of a steel plate are




where F is the tensile yield point of the plate. Consequently, the
y








which is approximately equal to the value of Ab = P/(O.SSFy )
derived above. It can be seen that Eqs. 47 and 54 are
approximately the same provided that the safety factor for the
shear stress on the bolt is about 1.67 and that the mechanical
properties of the bolt are the same as those of the connected
parts. A similar analogy can be applied to Eq. 55 except that
the edge distance is required for the case of double shear.
An inspection of Eqs. 47 and 68 will reveal that both
equations have the same form, except that Eqs. 47 is based on
the yield point F , while Eq. 68 is related to the ultimate
y
tensile strength F of the connected part. For the structural
u
steels presently specified in the AISC Specification (10), for
which the ratios of F /F range from 1.15 to 2.22, Fisher's
u y
equations (Eqs. 66 and 68) usually require a relatively small
edge distance as compared with the AISI equation (Eq. 47).
This is apparently due to the use of different factors of





c. Validity of the AISI Design Criteria for Thick,
Cold-Formed Steel Members
Based on the comparison made above, it appears that the
AISI design criteria for the minimum edge distance of a bolted
connection that were developed on the basis of research work
involving thin sheets can also be used for the design of bolted
connection of thick, cold-formed steel members. However, Eq. 47




Eq. 81 is the same as Eq. 47.
The values of Fl , Fi and F2 are defined in Section B.3.c of this
chapter. When the product of FI F2 or FiF2 is equal to 1.0,
For the same F IF ratio, the
u y
required minimum edge distance increases as the thickness of
material increases. For the same thickness of material, a
larger edge distance would be required for low ductility steels.
The reasons for using the modification factors in Eq. 81 will be
discussed in section B.3.c of this chapter.
2. Tension Stress on Net Section
It is well known that stress concentrations always occur
because of the abrupt changes in cross sections of structural
members. In bolted connections, the stress concentration is
often caused by the presence of holes and the localized force
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transmitted from the bolt to the connected part (6). This high
stress concentration may cause initial yielding under working
loads in the neighborhood of the hole, however, because of the
available ductility of steels, the stress in the net section can
be redistributed to reduce the effect of the stress concentration.
If this plastic stress redistribution can completely eliminate the
effect of the stress concentration, then the ultimate tensile
strength of the connected material can still be reached even
though holes do exist. However, if the plastic stress
redistribution cannot completely eliminate the stress
concentration, then the average stress on the net section at
failure will be smaller than the ultimate tensile strength of
the connected material.
a. Design Criteria Included in Various Specifications
and Discussions of Background Information
The ultimate tensile stress on the net section of bolted
connections of thin-walled, cold-formed steel structures was
first studied by Winter (42). Based on the test results of
bolted connections which contain a single bolt in the line of
load, Winter found that the maximum tensile stress on the net
section of single bolt connections varies with the dis ratio
used in the tests. He also pointed out that when the dis ratio
is less than 0.3, the plastic stress redistribution may be
incomplete, and that the tensile stress at failure is therefore
less than the ultimate tensile strength of the steel sheets
used. When the dis ratio exceeds 0.3, the full tensile capacity
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can be attained as proved by the experimental results.
Based on his analytical and experimental investigations,
Winter concluded that for connections in which a single bolt in
the line of load is used, the maximum tensile stress on the net
section at failure can be determined by:
()
net
d(0. 10 + 3-) F < F
s u u
(82)
Prior to 1968, the allowable tension stress formula used in the
AISI Specification was derived from Eq. 82 by using a safety
factor of 2.25.
For multiple bolt connections in the line of load, a study
conducted by Popowich at Cornell University (43) found that the
maximum tensile stress attained in the net section depends on
the ratio of the force transmitted by the bolt or bolts at the
section considered to the tensile force in the member at the
cross section. It was also found that Eq. 82 can be modified









where r ; the force transmitted by the bolt or bolts at the
section considered, divided by the tension force in
the member at that section. If r is less than 0.2,
it may be taken equal to zero.
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s = spacing of bolts perpendicular to line of stress,
in. In the case of a single bolt, s = width of sheet.
For a single bolt connection (r=l), Eqs. 82 and 83 are identical.
From Eq. 83, it can be seen that the maximum tensile stress on
the net section for multiple bolt connections is higher than
that in the single bolt connections when the same material and
same dis ratio are used.
A study of the test data presented in References 34 and 37
indicates that the results of bolted connection tests conducted
by Munse and his associates at the University of Illinois, and
Cissel and Legatski at the University of Michigan also agree
with Eqs. 82 and 83. This fact can be observed from Figs. 71
and 72. It can be seen that the conclusion drawn by Winter on
the basis of the study of thin sheets is also applicable to
the connections using steel plates up to 9/16 in. in thickness.
The current AISI design provision for thin-walled,
cold-formed steel members is derived from Eq. 83 by using a









Similar design criteria are being used in the Canadian Standard
and the Swedish recommendations. In Great Britain and France,
the same allowable tension stress is used for cold-formed steel
members and hot-rolled shapes.
For the purpose of comparison, Eq. 84 may be rewritten as:






where R is a reduction factor determined as follows:
dR = (1.0 - 0.9r + 3r-) < 1.0
s
For thick, hot-rolled shapes, the allowable tension stress
(86)
on the net section included in the current AISC Specification is
0.6F
Y (87)
This allowable stress is further limited to 0.5 times the ultimate
strength of steel.
b. Comparison of Design Criteria for Thin and Thick Steels
A comparison of Eqs. 84 and 87 indicates that the AISC
design provision for allowable tension is based on the yield
point and the ultimate tensile strength of steel. It is also
based on the assumption that the complete plastic stress
redistribution can be attained in the net section.
On the other hand, the AISI design provision for allowable
tension is based on ratios r and dis in addition to the yield
point of steel.
To study the effect of r and the ratio of dis on the
tensile capacity of the net section, Eq. 86 is shown graphically
in Fig. 73 for r=l, 1/2, 1/3, and 1/4. It can be seen that for
any given value of r, when dis ~ 0.3, R=l.O. Also shown in
Fig. 73 is the straight line representing the value of R for the
AISC Specification.
For hot-rolled shapes and built-up members fabricated from
steel plates, the AISC Specification permits a minimum distance
between centers of bolts equal to two and two-third times the
nominal bolt diameter with a preferred minimum of three
diameters (i.e. dis = 0.33). For this case, AISI and AISC Design
Specifications permit the same allowable tension stress because
of both specifications R=I.O. When the spacing between bolts
exceeds 3.33 times the nominal diameter of the bolt (i.e.
dis 2 0.3), no reduction of the allowable stress is required
by the AISI Specification. In view of the fact that for heavy
steel sections the dis ratio is usually larger than 0.3 and
multiple-row bolted connections are generally used, the error
for using R=I.O in the AISC Specification for all cases may
not be critical.
It should also be noted that in the AISI Specification,
the safety factor applied to the ultimate tensile strength
is 2.25, but in the AISC Specification, the safety factor for
the ultimate tensile strength is 2.0. This is because the AISI
Specification requires that if the ratio of tensile strength
to yield point is less than 1.35, the yield point F is toy
be determined by the minimum tensile strength divided by 1.35.
This requirement is to assure that a safety factor of 2.25 is
maintained for the design of bolted connections.
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c. Validity of the AISI Design Criteria for Thick,
Cold-Formed Steel Members
In general practice, the dis ratio used for thick sections
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is usually larger than that used for thin sections. This larger
value of dis will result in a larger load-carrying capacity
according to the AISI Specification. In addition, multiple-row
bolted connections are often used for thick sections, the use
of multiple-row connections tends to improve the load-carrying
capacity of the connections. For these reasons, it can be
concluded that the current AISI design criteria for allowable
tension stress in the net section can be conservatively used for
steel members cold-formed from thick sheets and plates.
3. Bearing Stress Between Bolts and Connected Parts
In general, the bolt does not fill the hole completely.
Connection slip (relative movement of connected parts) will
occur when the applied load overcomes the frictional force,
which depends on both the initial tension of bolts and the
surface condition between the connected materials. After slip,
bearing stress develops between the bolts and the connected parts.
At first, the bolt is in point contact with the hole (Fig. 74(a))
and the localized bearing stress at this stage may be considerably
higher than the nominal stress. As the load increases, the
contact surface between the bolt and the hole will spread to
cause a more uniform stress distribution (Fig. 74(b»).
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Although no satisfactory measurement can define the actual
bearing stress distribution, a uniform stress distribution
may be assumed (Fig. 74(c» in practical design. Consequently,
the nominal ultimate bearing stress is usually computed on the
basis of the projected area dxt. i.e.
p
u
0 b = dt
It is also known that bearing stress distribution in
(88)
double-shear connections is more uniform than that in single-shear
connections (9). This is because in single-shear connections,
joint bending will be induced due to the eccentricity of the
applied load.
a. Design Criteria Included in Various Specifications
and Discussions of Background Information
The bearing strength of bolted connections used in
thin-walled, cold-formed steel members was studied by Winter
and his associates at Cornell University (38-42, and 44). In
evaluating the results of the tests, Winter noted that when the
e/d ratio exceeds about 3.5, the mode of failure tends to change
from longitudinal shearing of connected sheets to either bearing
failure or oblique shearing-tearing. In the latter case,
numerous specimens failed first by having material pile up in
front of the bolt, then followed by oblique shearing. In
addition, Winter also found that a reasonable and conservative
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correlation can be obtained between e/d and 0b/Fy as shown in
Fig. 76.
It can be seen in this figure that, when e/d < 3.5, the
bearing stress to yield point ratio increases with increasing
e/d. The test data can be conservatively represented by the
straight line equation as follows:
1 4~
• d (89)
The above equation is the same as Eq. 49 because by definition,
= P /(dxt) .
u
When e/d > 3.5, the bearing stress may be determined as:
= 4.9F
Y
The AISI design equation for allowable bearing stress for
thin, cold-formed steels is derived from Eq. 90 by applying a
safety factor of 2.33,
(90)
(91)
With regard to the design criteria used in other countries,
the Canadian Standard is similar as the AISI Specification.
The allowable bearing stress permitted by the British Standard
is 0.8F which is considerably smaller than that permitted by
y
AISI. In the Swedish recommendations, the allowable bearing
stress of bolted connections depends on the bolted joint class,
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bolt quality, number of shear planes, stress grade of steel
sheets, and loading conditions. The allowable stresses are given
separately in tabulated form for different bolt material and
steel sheets. For typical load cases, the allowable bearing
stress for connected steel sheets varies from 0.55F to O.72F .
Y y
In the French recommendation, the allowable bearing stress is
determined as four times the allowable tensile strength of the
plate.
The effect of bearing pressure on the strength and behavior
of riveted connections has been studied by Munse and his
associates, who conducted tensile and compressive tests of 131
riveted joints (34). In the tensile tests, the bearing ratio
(the ratio of bearing stress to tensile stress) varied from
1.28 to 3.05.
On the basis of the results of tests, Munse found that
under static tensile loading, the ultimate strength of riveted
connections is not reduced if the bearing stress is equal to
or less than 2.25 times the tensile stress.
As a result of the investigation conducted at the
University of Illinois, the Research Council on Riveted and
Bolted Structural Joints concluded that for static loading, the
strength of a joint loaded in tension is not reduced because of
bearing pressure if the ratio of bearing pressure ot the net










is derived from Eq. 92 by using a safety factor of 1.67.
The bearing capacity of bolted connections used for
hot-rolled shapes 'has recently been studied by Fisher and
Struik (36). Based on the recent experimental investigations
conducted in Japan and Netherlands, Fisher and struik
recommended that when e/d < 2.65, the ultimate bearing stress
be determined by the following equation:
When e/d ~ 2.65, Eq. 95 can be used to predict the ultimate
bearing stress,
Using a safety factor of 2, the following equation can be






The above equation permits the same allowable bearing stress as
AISI Specification if the ratio of F /F equals 1.4.u y
The bearing capacity of bolted connections has also been
investigated by Hirano (58). On the basis of 210 double-shear
connection tests with bolt sizes of 5/8, 3/4, and 1 in. and with
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thicknesses of connected materials ranging from 0.0787 to 0.354
in., the following equation was obtained by Hirano to express




The correlation of Eq. 97 with the test data obtained by Hirano
is shown in Fig. 75. It is of interest to note that for the





which is approximately the same as Eq. 97 derived by Hirano.
In Netherlands, de Back and de Jong reported an extensive
study on the bearing stress of connections using high-strength
bolts (59). Based on test results obtained by Struik and
Wittermans, it was found that the allowable bearing stress
currently used in the European countries is adequate. According
to the European practice, the allowable bearing stress is
determined as three times the appropriate allowable axial stress
in the connected members.
b. Comparison of Design Criteria for Thin and Thick Steels
A comparison of Eqs. 91 and 93 obviously reveals that the
fact that AISI allowable bearing stress is about 56% higher than
that permitted by the AISC Specification.
A detailed study of the structural behavior and failure
modes of the bolted connection tests conducted by Winter (42)
and the riveted joint tests conducted by Munse (34) indicates
that the bearing failure modes of the connections defined by
Winter and Munse are not quite the same. According to Winter,
the bearing failure of the connection means the piling-up of
the connected parts; however, in Munse's tests, no specimens
actually failed in the bearing mode defined by Winter; nearly
all test specimens having large bearing ratios failed by the
following modes: 1) shearing of the rivet, 2) tearing of the
plate, and 3) combined plate and rivet failure. For this
reason, the maximum bearing capacities of the connections used
for development of the AISI and AISC Specifications would not
seem to be on the same basis. In addition, if the assumptions
which Winter used in the analysis of various failure modes of
bolted connections are considered, then the reduction of tensile
capacity of the riveted connections used in the tests conducted
by Munse cannot be totally the result of bearing pressure but
possibly could be a result of a combination with the use of a
small value of dis ratios. However, this question cannot be
answered from the available data reported in Reference 34.
Additional tests have been conducted in this investigation for
clarification of the question. The details of tests and the
evaluation of the results are presented in Section C of this
chapter.
In order to further study the validity of the AISI design
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criteria for used of thick materials, the results of tests
conducted by Cissel and Legatski (37), Dhalla (61), and Munse
(34) have been plotted in Figs. 77, 78, and 79, respectively.
The dimensions of the specimens and test results used in
Figs. 76 to 79 are tabulated in Tables XIII to XVI.
It should be noted that Eqs. 89 and 90, which formulate a
basis for the AISI design criteria, are also included in Figs. 76
to 79. A comparison of the predicted bearing stress and the
test data indicates that Winter's equation satisfies
conservatively the results of tests conducted at Cornell
University (Fig. 76) and the University of Michigan (Fig. 77),
even though the scatter of test data is quite large.
However, Fig. 78 indicates that Winter's equation overestimates
the bearing capacity of connections for low ductility steels
which were recently investigated by Dhalla at Cornell. In
addition, Fig. 79 indicates that the results of the studies on
riveted connections used in the tests conducted by Munse are
also lower than the predicted bearing stress obtained by using
Eq. 89. It appears that this discrepancy may be caused by the
combined failure mode and the use of relatively thick plates as
compared with the thin sheets used by Winter, Dhalla, and Cissel
and Legatski.
c. Development of Modified Equations for Bearing Capacity
In order to develop a general equation for all test data,
additional parameters may be used for a refinement of Eqs. 89
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and 90. In his investigation on the influence of ductility on
the structural behavior of cold-formed steel members, Dhalla
(61) found by a trial and error method that the maximum capacity
of connections for the combined failure of bearing, shear and
tension can be predicted by the following equation:
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0.032(: + ~ + 1) - 0.04(~) (99)
The above equation can only be used for
e
2.25 .::. d < 3.33
and




It should be noted that in Winter's tests, the eld ratios
range from 1.00 to 9.00, and sid ratios range from 4.00 to 16.0.
In Munse's tests, eld = 1.75 to 3.33, and sid = 3.53 to 6.67.
In view of the fact that the range of eld and sid ratios used
in the previous tests exceed considerably the applicable
ranges used by Dhalla, a further improvement of Dhalla's
approach may be desirable.
By analyzing all available test data reported in References
34, 37, 42, and 61, it was found that the bearing capacity of
riveted and bolted connections may also be affected by the
F IF ratio and the thickness of the material. The following
u y
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two equations can be used as general formulas for all results of
tests involving the use of high ductility and low ductility
steels having thicknesses ranging from 0.03 to 0.56 in.:
1) when e/d < 3.5
or















with a minimum value of 0.77 and a maximum value of 1.2. In both
Eqs. 104 and 105, t = 1.0 in.
a
as follows:
The value of F2 can be computed
F
F 2 = 1. 43 (Fu) - 0.93
Y
with a minimum value of 0.643 and a maximum value of 1.0.
(106)
In Eqs. 104 and 105, the reason for using the power function
is because the test data shown in Fig. 80 appear to form a
straight line on log-log paper. Eq. 104 is chosen by a trial
and error method such that when the thickness of material is
1 in., the AISI allowable bearing stress will be the same as
that permitted by the AISC Specification. Eq. 105 is derived
on the basis of the regression analysis discussed in section B.4
of Chapter III.
Equations 104 and 105 are shown in Fig. 81. Also shown
in this figure are all available test data obtained from
References 34, 37, 42, and 61. An observation of Fig. 81
indicates that Eq. 104 is more conservative than Eq. 105.
In both Figs. 80 and 81, the values of Fl for all test data
are computed from Eqs. 102 and 103, in which the values of F2
are determined by Eq. 106.
In addition to the above development, an attempt has been
made to study the effect of the ratio of tid on the bearing
capacity of bolted connections. No better correlation was found
between the tid ratio and test data, however.
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Equation 106 is shown in Fig. 82 which provides a correction
for the mechanical properties of the steel used for the connected
parts. This equation is based on Dhalla's investigation of the
influence of ductility on the structural behavior of cold-formed
steel members (61). When F IF > 1.35, F2 = 1.00, and whenu y-
F IF ~ 1.10, F2 = 0.643.u Y
It should be pointed out here that Eq. 81 for determining
the minimum edge distance in line of stress is obtained by using
a safety factor of 2.33 applied to Eq. 102.




which is identical with the AISI design formula after a safety
factor of 2.33 is used.







By using the AISI safety factor of 2.33, the following equation
for allowable bearing stress can be obtained from Eq. 108:
F = 1. 35F
P Y
(109)
;s ;dentical with Eq. 93, which is the AISCThe above equation ~ ~
design formula.
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d. Validity of the Modified Equations
In order to verify the improvement of the modified equations
102 and 103 as compared with the original formulas (Eqs. 89 and
90), the results of tests conducted by several investigators
as indicated in Tables XIII to XVI were replotted in Figs. 83
to 86. It can be seen that Eqs. 102 and 103 are satisfactory
for all available results conducted by Winter, Cissel and
Legatski, Dhalla, and Munse. It should be noted that by using
the modified formulas, the range of scatter is reduced and good
agreement is obtained for the predicted values and test results.
The accuracy of the modified formulas can be realized by
considering the reduction of the standard deviations. As shown
in Table XVII, the standard deviations are reduced considerably
for all tests if the modified formulas are used.
Because good agreement exists between the test data and
the predicted values determined from Eqs. 102 and 103, the
modified equations can be used to predict the bearing capacity
of a bolted connection for various steels having different
thicknesses up to 1.0 in. By using the modified equations,
the gap between the current AISI and AISC specifications for
determining the allowable bearing stresses can be minimized.
The modified equations (Eqs. 102 and 103) derived above
for the determination of ultimate bearing stress are primarily
for the connections using ordinary bolts. When high-strength
bolts are used in connections, initial tension exists in the
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bolts, and part of the applied load will be carried by the
friction force between connected parts. As a result, the nominal,
ultimate bearing stress for connections using high-strength bolts
will be higher than that for connections using ordinary bolts in
which no pre-tension is applied during installation. This fact
has been indicated by the results of high-strength bolt
connection tests conducted by Winter (44) and de Back (59). For
this reason, these modified equations can be conservatively used
for connections using high-strength bolts.
It has been realized that Eqs. 104 and 105 are somewhat
complicated for practical design use. For the purpose of
simplicity, the following two equations can be used:
1) when t < 0.20 in.
Fi = 1.0
2) when 0.20 in. < t < 1.0 in.
t




During theThe above two equations are also shown in Fig. 81.
development of the simplified equations, consideration was also
given to Fisher's findings discussed on page 84.
4. Shear Stress on Bolts
In general, the shear capacity of bolts depends on the
b It the number of shear planes, jointmechanical properties of the 0 s,
length, pre-tension in bolts, surface condition between connected
parts, hole clearance, and the type of loading condition.
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a. Design Criteria Included in Various Specifications
and Discussions of Background Information
In the AISI Specification, the allowable shear stress on the
gross cross sectional area of the bolt is limited by the
following values:
1) For ASTM A307 bolts
F = 10 ksi
v
~) For ASTM A325 bolts





when threading is not excluded from shear planes
F = 15 ksi
v (114)
where F is the allowable shear stress.
v
With regard to the design requirements for allowable shear
stress being used in other countries, the Canadian Standard
permits the same allowable shear stress for A307 bolts as
compared with the AISI Specification. The allowable shear
stress permitted by the Swedish recommendations depends on the
bolted joint class, bolt quality, number of shear planes and the
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type of applied loads. In Great Britain and France, the same
allowable shear stresses are used for thin-walled, cold-formed
steel members and hot-rolled shapes.
For light gage steel bolted connections, the shear capacity
of bolts has been studied by Winter (42,44). An investigation
of the strength of connections which use ordinary bolts indicates
that the maximum shear capacity of bolts correlate better with
the tensile strength than with the yield stress of the bolt
material (42). On the basis of the Cornell test results,
Winter found that the shear stress at failure on the bolt root
area can be determined by:
T = O.72F
ubb
for single-shear connections, and
Tb = O.62Fub
for double-shear connections. In these equations Fub is the
ultimate tensile strength of the bolt.
(115)
(116)
In view of the fact that shear failures of bolts are more
sudden than those in the sheet, Winter has suggested the
following conservative representation of the test results
applicable to both single and double shear:
T = O.60Fubb
, 't' of light gage steel connections withIn an ~nvest~ga ~on
(117)
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high-strength bolts, Winter concluded that Eq. 117, originally
developed from shear failure of ordinary bolts, also represents
the shear strength of high-strength bolts in a satisfactory
manner (44).
In the AISI Specification, the allowable shear stresses for
A307 and A325 bolts are identical with those of the AISC
Specification. By using Eq. 117 and the minimum ultimate tensile
strength of bolts, a safety factor of about three or more can be
obtained for the shear failure of bolts.
For long joints, in which A325 bolts are used, results of
extensive tests (30) show that the average ultimate shear strength
of bolts decreases as the joint length becomes longer.
Consequently, in heavy steel construction, a low allowable shear
stress of bolts has been used for the joint length longer than
50 in. (36).
In practice, because a short joint length is generally used
in thin, cold-formed steel members, it is expected that a
relatively larger safety factor can be obtained for cold-formed
steel construction even though the same allowable shear stress on
bolts is used in both AISI and AISC Specifications.
b. Comparison of Design Criteria for Thin and Thick Steels
A comparison of Eqs. 112, 113, and 114 with the values
listed in Table XII indicates that the allowable shear stress on
bolts is the same in both AISI and AISC Specifications; however,
it should be noted that the allowable shear stresses included in
the AISI Specification are for the bearing-type connections only.
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No provision is included by AISI for the design of friction-type
connections. In addition, A449 and A490 bolts are not presently
included in the AISI Specification.
c. Validity of the AISI Design Criteria for Thick, Cold-Formed
Steel Members
In view of the fact that the allowable shear stresses on bolts
specified in the AISI Specification for thin-walled, cold-formed
steel construction are the same as those included in the AISC
Specification for heavy, hot-rolled shapes and built-up members,
there is no doubt that the AISI design criteria can be used for
steel members cold-formed from thick steel sheets and plates.
C. Experimental Investigation
From the above discussions, it is noted that the main differences
between the AISI and AISC Specifications for the design of bolted
connections lies in the limitation of allowable bearing stress. As
pointed out in Section B.3.d of this chapter, Eqs. 102 and 103 may
be used to close the gap between two specifications. In order to
verify the applicability of the modified equations, experimental work
was conducted by the author to investigate further the bearing strength
of bolted connections made of thick steel sheets and plates. The test
specimens were purposely designed in such a manner that joint failure
would occur as a result of critical bearing stress. They were designed
to COver (1) thicknesses of materials: 11 ga., 3/16 and 1/4 in.;
ratios
7/82.0, 3.5, and 5.0; (3) diameters of bolts:
A570 and A36 steels; and (5)
(2) ratios of e/d:
and 1 in.; (4) types of steels:
98
3.84 to 8.62. To prevent the shearing-off of the bolts during
testing, high-strength A325 bolts were used. A width of 8 in. was
of d/t:
used for the connected sheets and plates in all test specimens.
In the testing program, single-shear and double-shear* bolt
connections were used to sustain static simple tension. The difference
between the single-shear and double-shear connections is that for the
former the joint rotation under load is possible.
1. Mechanical Properties of Steel Sheets and Plates
In the first series of tests, tensile coupon tests were
conducted to obtain the mechanical properties of A570 steel with
a thickness of 11 gao and A36 steel with thicknesses of 3/16
and 1/4 in.
The tensile coupon specimens were prepared in accordance
with ASTM Specification E8 (46). Sheet-type standard specimens
with a 2-in. gage length were used for all three different
thicknesses.
Two 11 gao specimens, three 3/16 in. thick specimens, and
three 1/4 in. thick specimens were tested in a 200,000 pound,
universal testing machine. An extensometer was used for all
*The term of "double-shear bolt connection" used in this chapter means
that the connection is a symmetrical joint, for which the joint
rotation is eliminated. See Fig. 92. For this case, the load
carrying capacity of the connection is always governed by the outer
plates.
tests to obtain the stress-strain curves.
The tested, tensile mechanical properties are given in
Table XVIII.
2. Preparation of Test Specimens
a. Single-Shear Bolted Connections
Twenty test assemblies were fabricated from A570 and A36
steels. Each assembly consisted of four identical test specimens
as shown in Fig. 90. Among the test specimens, thirty-two
specimens were cut from 11 gao thick steel sheets, thirty-two
specimens were cut from 3/16 in. thick steel sheets, and
sixteen specimens were cut from 1/4 in. thick steel plates.
The configuration of the connected parts used in the
single-shear bolted connections is shown in Fig. 87(a). The
dimensions of test specimens are listed in Table XIX.
The diameter of the hole, d', is 1/16 in. larger than
the nominal diameter of the bolt.
b. Double-Shear Bolted Connections
Fig. 87(b) shows the configuration of the connected parts
used in the double-shear bolted connections. The dimensions
of specimens are given in Table XX. Unlike the single-shear
connections, for double-shear connections, each test assembly
consisted of two identical test specimens as shown in Fig. 92.
For A570 steels, eight test specimens were cut from the
11 gao thick sheets. For A36 steels, eight test specimens were
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cut from 3/16 in. thick sheets, and four test specimens were
cut from 1/4 in. thick plates.
Similar to the single-shear specimens, the holes used in
the double-shear specimens are also 1/16 in. larger than the
nominal diameter of the bolts.
3. Testing of Specimens
Because all the test specimens that were used for both the
single-shear and double-shear bolted connections are 8 in. in
width, which is too wide to be gripped in the testing machine
available in the laboratory, a specially designed supporting
unit was connected to each end of the test specimens to transmit
the applied load. Fig. 88 shows the dimensions of this supporting
unit. Plate A, the grip plate, was designed to connect the test
specimens, and plate B, the bearing plate, was connected to the
crosshead of the testing machine by using four anchor bolts.
Plates A and B were welded together as shown in Figs. 88 and 89.
Two such units were fabricated from A5l4 steel plates.
a. Installation
Throughout the testing program, the high-strength A325
bolts were tightened by using a torque wrench. The torques
exerted on the nut were 180 ft-lbs for 7/8 in. bolts and 250
ft-Ibs for 1 in. bolts. These torques are smaller than the
value used by Winter to install high-strength bolts (44), but
the same as those used to tighten the A307 ordinary bolts (42).
Small torques were used in the investigation in the hope that
high-strength bolts may behave in the same way as ordinary bolts
as far as the bearing capacity between the connected part and
the bolts is concerned.
b. Single-Shear Bolted Connection Tests
Each single-shear bolted connection assembly is composed of
four, individual, identical, single-shear specimens. The test
set-up is shown in Figs. 90 and 91. It can be seen that each
test actually consists of two single-shear connections. The
connection always failed in the middle part. A total of twenty
tests have been carried out in a 200,000 pound, universal
testing machine.
Fifteen single-shear connections were tested with washers
under both the bolt head and nut. The e/d ratios used in the
tests were 2.0, 3.5, and 5.0.
In order to investigate the effect of the washers on the
bearing strength of the bolted connections, five single-shear
bolted connection tests with no washers under the bolt head
and nut had been planned; however, the standard thread length
of the bolts supplied by the manufacturer requires that at
least one washer be placed under either the bolt head or the
nut in order to have the bolt properly tightened; except for
specimens 558-1 no washers were necessarily used under the
bolt head and nut. For specimens in which one washer was
needed, a washer was put under the nut. For bolts connecting
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the test specimens to the grip plates, washers were always used.
The e/d ratio of 3.5 was used for this series of tests.
During the testing, joint movements were also measured. As
shown in Fig. 91, four 0.001 in. dial gages were used to
measure the slip between two connected materials in the middle
section which is connected by a single bolt. The readings
obtained from the dial gages were actually the relative movements
between two connected materials in the gage distance. The
load-deformation relations of joints could then be obtained by
deducting the elongations of the material gage distance from
the gage readings.
c. Double-Shear Bolted Connection Tests
The set-up for the double-shear bolted connection tests
is shown in Figs. 92 and 93. Only one hole in the grip plate
was used according to the bolt size used in the test specimens.
A total of ten tests were carried out in a 200,000 pound,
universal testing machine.
Similar to the single-shear connection tests, four 0.001
in. dial gages were used to obtain the load-deformation
relationships of the joints. From Fig. 93, it can be seen that
two dial gages were used to measure the movements of the
connected plates at the levels of the centers of the bolted
sections, and the other two gages were used to measure the
movements of the grip plates. In this arrangement, the dial
gage readings register the relative movements between the test
specimen and the grip plate. The load-deformation relationship
of the joint can be obtained from the gage readings with the
necessary correction as is done in the single-shear connection
tests.
In the double-shear bolted connection tests, washers were
used under both the bolt head and nut.
4. Results of Tests
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The test results of the single-shear and double-shear
bolted connections are listed in Tables XIX and XX, respectively.
The following discussions deal with the validity of the AISI
design equations, failure modes, comparison of the single-shear
and double-shear bolted connections, effect of washers on
the strength of the bolted connections, and load-deformation
curves and slip loads.
a. Validity of the AISI Design Equations
All test results are compared with Eqs. 89 and 90, and
plotted in Fig. 94 with 0b/Fy vs. e/d. It can be seen that good
agreement exists between the test results and the predicted
values. If the modified equations (Eqs. 102 and 103) are used
to predict the bearing stress, correlations between the test
results and predicted values can be shown as in Fig. 95. By
comparing Figs. 94 and 95, it can be seen that the modified
equations are more conservative for the determination of the
ultimate bearing strength of the bolted connections than
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Eqs. 89 and 90.
b. Failure Modes
Two types of failure were observed in this investigation.
They are the shearing failure of connected plates (Type I
failure) and the bearing failure between the bolt and the plate
(Type II failure). The types of failure for all tests are
indicated in Tables XIX and XX.
Typical failure shapes are shown in Fig. 96. Fig. 96(a)
shows the shearing failure of the plate at the end section. This
type of failure occurred for test specimens having a e/d ratio
of 2.0. When the e/d ratio increases, the failure modes tend
to change from a shearing off of the connected material to a
bearing type. In this study, large e/d ratios of 3.5 and 5.0
were used. For e/d ratios of 3.5 and 5.0, the typical failure
modes are shown in Figs. 96(b) and 96(c). Fig. 96(b) shows
material piling-up in front of the bolt, and Fig. 96(c) shows
excessive hole elongations accompanied by cracks at the end
edge.
c. Comparison of Single-Shear and Double-Shear Bolted Connections
For the same material with the same e/d ratio, the test
results indicate that the bearing capacity in double-shear
bolted connections is larger than that in single-shear bolted
connections. This is expected because the single-shear
connection is subjected to an eccentric loading which produces
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an additional bending of connected materials and results in an
uneven stress distribution. In this study, for connections using
the same material with the same e/d ratio of 3.5, the bearing
capacities in double-shear connections were found to be 2% to 15%
larger than those obtained for single-shear connections.
d. Effect of Washers on the Bearing 8trength of Bolted
Connections
As previously mentioned, washers were used under both the
bolt head and nut for specimens 882, 885, 888, 8811, and 8814;
only one washer was used under the nut for specimens 882-1,
885-1, S811-1, and 8S14-1. No washers were used for specimen
888-1. A comparison of the results of these tests indicates
that for the same material with the same e/d ratio, the bearing
capacity is decreased by 14% to 33% if washers are not used
either under the bolt head or under both the bolt head and nut.
Thus, it may be concluded that washers have a significant effect
on the bearing strength of bolted connections. However, it
should be noted that the above discussed reduction of the
bearing strength is based on a limited number of tests only. Some
unreported tests seem to indicate that larger reductions will
probably be required for thicknesses less than 0.10 in. when
waShers are omitted.
e. Load-Deformation Curves and 81ip Loads
The load-deformation curves for all tests are shown in
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Figs. 97 to 104. Figs. 97 to 101 are the load-deformation
curves obtained from single-shear connection tests. Each figure
contains four curves with different e/d ratios of 2.0, 3.5, and
5.0 for the connections using the same material and bolt size.
For the load-deformation curves obtained from double-shear
connection tests, Figs. 102 and 103 contain four curves for the
connections using the same material with different bolt diameters
of 7/8 and 1 in. and a e/d ratio of 3.5. Fig. 104 presents the
load-deformation curves for two identical double-shear
connection tests.
In Figs. 97 to 101, it can be seen that the load-deformation
curves for connections with e/d ratios of 3.5 and 5.0 are quite
similar. It may confirm the fact that for large e/d ratios,
the connection will fail as a result of the critical bearing
stress. It can also be seen from these five figures that for
the connections with the same e/d ratio of 3.5, the connection
with washers under the bolt head and the nut can resist greater
load for a specified value of deformation than those with a
single washer either under the bolt head or nut or those without
washers.
By observing all the curves, the load-deformation
relationships obtained in this study can be, in general,
Classified into two types. The type A curve, which was obtained
for all the single-shear connection tests except for 8811-1 and
8814-1, is a rather smooth curve. The type B curve, which was
obtained for all double-shear connection tests and two
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single-shear tests (5811-1 and 5514-1), is a curve having a
sudden change in slope. The difference between these two types
of curves is believed to be due to the initial alignment of the
tests. Type A is for the test in which the bearing between the
connected material and the bolt is already established at the
beginning of loading, whereas Type B is for the test in which
clearance between the hole and bolt exists. For this latter
type, a bearing is developed as soon as the applied load exceeds
the friction force in the joint. In Fig. 103, curves 054-1 and
054-2 indicate that for the double-shear connections using 1 in.
diameter bolts, full bearing was accomplished under a
considerably large deformation following slippages that occurred
at two different load levels.
The deformation at design load was also studied. The
design load was obtained from the modified equations (Eqs. 102
and 103) by using a safety factor of 2.33 which is used to
obtain the AI5I equations (Eqs. 47 and 91). It was found that
for Type A curves, the deformation at design load is smaller
than 1/16 in., which is considered to be acceptable (42). For
Type B curves, the actual joint deformation can be computed
from the total deformation of joints by subtracting the initial
clearance obtained from the deformation resulting from slippage.
It was found that the computed joint deformation at design load
is also smaller than 1/16 in. Hence, in addition to the strength
of the connections, the modified equations for determining
allowable bearing stress with a safety factor of 2.33 are
108
adequate for the purpose of joint deformations.
For Type A curves, the point which deviates from the initial
straight line is taken as the slip load. For Type B curves, the
slip load is observed by the sudden increase of deformation
that occurs during the tests and is accompanied by a resounding
"bang". The slip loads for all connection testa are listed in
Tables XIX and XX.
In an early investigation, Cissel and Legatski (37) have
derived the following equation to predict the slip load on the




where T = torque applied to nut
K = 1.98 for bolts in double shear
1.45 for bolts in single shear
d = diameter of bolt
(ll8)
By using this equation, the slip load of a joint using a 7/8 in.
bolt, for which a torque of 180 ft-lbs is applied, should be
3.58 and 4.89 kips for single-shear and double-shear bolted
connections, respectively. Similarly, the slip load of a joint
using a 1 in. bolt, for which a torque of 250 ft-lbs is applied,
should be 4.35 and 5.94 kips for single-shear and double-shear
bolted connections, respectively. However, the test results
obtained from this investigation indicate that the slip loads
range from 8.0 to 16.5 kips when 7/8 in. bolts are used and
from 9.0 to 28.7 kips when 1 in. bolts are used. These
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considerably large slip loads may be due to the use of larger
bolts (the bolts used in the study of Cissel and Legatski were
1/2, 5/8, and 3/4 in. in diameter) and the existence of different
surface conditions between the connected materials. Based on
Winter's study (42), the slip loads for 1 in. diameter ordinary
bolts range from 5.75 to 14.20 kips. This range is less than
that obtained in this investigation. It appears that these
discrepancies are mainly due to the difference in surface
conditions between the connected materials, because the same
torque was used in both test programs.
D. Summary
Based on the studies presented in this chapter, it can be
concluded that for the allowable tension stress on the net section and
the allowable shear stress on bolts, the present AISI Specification
can be used for bolted connections made of thick, cold-formed steel
members. For the determination of the minimum edge distance in the
line of stress and the allowable bearing stress, the following two
design equations, which were derived by applying a safety factor of
2.33 to Eqs. 102 and 103 for bolted connections using ordinary bolts
for cold-formed members made of steel sheets and plates with







In which Fl and F2 are determined by Eqs. 104 and 106, respectively.
These modified design equations not only apply to steels with various
ductilities, but can minimize the difference between the current AISI
and AISC design criteria for the allowable bearing stress to be used
for the material up to 1 in. in thickness. That is, when F IF > 1.35
u y
and t ; 0.1 in., Eq. 120 becomes F = 2.1F which is the AISI equation,p y
and when Fu/F > 1.35 and t = 1.0 in., Eq. 120 becomes F = 1.35F
Y - P Y
which is the AISC equation.
A comparison of the current AISI design criteria and the modified
equation indicates that for a F IF ratio of 1.35 or larger the
u y
modified equation will permit a slightly higher allowable bearing
stress for steel sheets less than 0.1 in. thick. For the minimum
thickness generally used in the practical design of structural
framing (0.048 in.) the possible increase of allowable bearing stress
is 17%. On the other hand, the modified equation reduces the
allowable bearing stress for steel sheets thicker than 0.1 in.
However, it should be noted that for the materials having a thickness
from 0.1 in. to 1/4 in. the reduction of allowable stress may be 16%
or less. According to Eq. 119, the modified equation results in a
similar effect for the determination of the required minimum edge
distance.
For the design of connections using high-strength bolts,
Eqs. 119 and 120 can be conservatively used.
It has been noted that the modified factor FI , which was
developed to reflect the effect of the thickness of the connected
materials on bearing stress, is somewhat complicated for practical
III






In which Fi is determined by Eqs. 110 and III in accordance with the
thickness of steel used. F2 is determined by Eq. 106. As illustrated
in Fig. 81, Fi is a simplification of Eq. 105, which is obtained by
the regression analysis. The maximum value of F' is 1.0.I In order to
verify the reliability of Fi, test results obtained by Winter,
Cissel, Dhalla, Munse, and the author are plotted in Figs. 105 to 109.
Good agreements are found for all tests.
A study of Eq. 122 indicates that the proposed formula provides
the same allowable bearing stress as that determined by the current
AISI Specification for t < 0.2 in. and F IF > 1.35. When the
u y-
thickness of steel exceeds 0.2 in., the allowable bearing stress
reduces according to the thickness of the connected part. For
t = 1.0 in. and F IF > 1.35, Eq. 122 gives an allowable bearing
u y-
stress of 1.35F which is being specified by AISC for the design of
y
heavy, hot-rolled shapes.
V. SUMMARY AND CONCLUSIONS
A. Summary of the Work
The objective of this investigation was to investigate the
structural behavior of cold-formed steel structural members made of
thick sheets and plates. It was also intended to develop design
recommendations for the increase of yield point at corners due to
cold work and the allowable stresses for bolted connections.
The mechanical properties of steel sheets and plates before
cold-forming into structural shapes was first studied. For the
types of stress-strain curves of virgin steels, the gradual yielding
type can be usually found for cold-reduced steels, and the sharp
yielding type can be found for hot-rolled steels. For the strain
hardenability of the virgin steels, it was found that in general the
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F IF ratios for steel plates are slightly higher than those for steelu y .
sheets if the same yield points are considered. In other words, the
steel plates usually have a larger potential of increased strength
due to cold work. It was also found that for a given yield point,
steel plates usually have relatively larger ductilities than steel
sheets. In addition, due to the fact that the ratio of the inside
bend radius of corners to the thickness of material is a significant
factor which affects the changes of mechanical properties of corners
during the process of cold-forming, the minimum inside bend radius
was studied.
For the effects of cold work on mechanical properties of corners,
both analytical and experimental investigations were carried out.
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Literature review indicates that the changes of mechanical properties
of corners (higher yield point and ultimate tensile strength of
corners and lower ductility of corners as compared with that of
virgin steels) are mainly due to the phenomena of strain hardening
and strain aging. The background of the current AISI formulas for
the prediction of tensile yield point of corners was studied in
detail. An equation recommended by Lind and Schroff who employed
a simpler approach than the one used by the AISI was also studied.
The AISI formulas and the equation of Lind and Schroff indicate that
the tensile yield point of corners is affected by the ratio of F /Fu y
of virgin steel, ratio of R/t, and the virgin tensile yield point, Fy
In order to verify the applicability of the AlSI formulas for
corners cold-formed from thick steel sheets and plates, a total of
100 tests have been conducted at the University of Missouri-Rolla.
In the UMR experimental program, corners with R/t ratios of 3 and 6
made of 1/2 in. thick A36 and A588 steel plates were tested both in
tension and compression. For corners made of 1 in. thick A36 and
A588 steel plates, compression tests of corners with R/t ratios of
3 and 5 were conducted.
Similar to the Cornell study, a much larger percentage increase
in yield point of corners than ultimate tensile strength of corners
was observed in the UMR tests. As a result, utilization of this higher
strength would result in an economical design. For the same material
with same R/t ratio, it was found that both tensile and compressive
yield points of corners are approximately the same, which indicates
that the Bauschinger effect has no significant influence on the change
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of corner properties. It was further noted that the increase of yield
point of corners does not depend directly on the thickness of corners
but will be affected by the types of stress-strain curves of virgin
steels, in addition to the factors previously mentioned. Realizing
this difference, the results of Karren's tests conducted at Cornell
University were reevaluated separately for hot-rolled and cold-reduced
steel corners. Consequently, equations were derived on the basis of
a regression analysis for the prediction of tensile yield point of
corners made of hot-rolled steels. These modified equations have
been verified by the UMR tests using thick, cold-formed steel corners.
For the study of bolted conDections made of thick, cold-formed
steel members, various design specifications for both the thin,
cold-formed steel members and thick, hot-rolled steel shapes were
compared and evaluated. Design requirements for the minimum edge
distance in line of stress, tension stress on net section, bearing
capacity between bolts and connected parts, and shear stress on bolts
were studied individually. The minimum edge distance is determined
by the shear capacity of the connected materials. The tensile capacity
of the net section depends on the ratio of dis, number of bolts in the
line of the applied load, and the tensile yield point.
For large e/d
ratios, the load-carrying capacity of the joint will be limited by the
critical bearing stress. The shear capacity of bolts depends on the
mechanical properties of bolts, the number of shear planes, joint
length, pre-tension in bolts, surface condition between connected
parts, hole clearance, and the type of loading condition.
. 't was noted that the main
Based on the foregoing considerat~ons, ~
difference between thin and thick structural bolted connections is
the allowable bearing stress and the related minimum edge distance
in line of stress. An extensive study of available test data
obtained from other investigators was carried out to develop a
transition equation for bolted connections using thin and thick
steels. During the development of the modified equations for bearing
stress, it was found that the bearing capacity of bolted connections
does not only depend on the tensile yield point but also on the
ratio of F IF and the thickness of connected materials.
u y
In order to further investigate the bearing capacity of bolted
connections, a total of 30 single-shear and double-shear bolted
connections made of 11 ga., 3/16 in., and 1/4 in. thick A36 and A570
steel sheets and plates were tested. It was found that the
double-shear bolted connections show larger bearing capacity than the
single-shear bolted connections for the same material with the same
e/d ratios. Washers have a significant effect on the bearing
capacity of bolted connections. The current AISI allowable bearing
stress applies only to those bolted connections having washers under
both the bolt head and the nut. In addition to the strength of
bOlted connections, joint deformations were also measured and
considered in the testing program.
B. Conclusions and Design Recommendations
Based on the investigation presented in Chapters III and IV, the
f d t Oo s can be drawn for theollowing conclusions and design recommen a 1 n
effects of cold work on mechanical properties of corners and the
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strength of bolted connections.
1. Effects of Cold Work on Mechanical Properties of Corners
After a corner is cold-formed, the tensile and compressive
yield points and ultimate tensile strength of the material will
be increased, while the ductility of the material is decreased.
The increase in yield point of corners is affected by the yield
point of virgin material, ratio of virgin ultimate tensile
strength to virgin tensile yield point, ratio of inside bend
radius to the thickness of corners, and the type of the
stress-strain curves of virgin material, but is not directly
affected by the thickness of material.
For steel sheets and plates having a sharp yielding
stress-strain curve with a small plateau (E < 0.008 in.lin.)st -
and for cold-reduced sheets and strip having a gradual yielding
stress-strain curve, the AISI design formulas (Eqs. 17, 19,
and 20) can give good prediction of tensile yield points of
corner sections.
For steel sheets, strip, and plates having a sharp
yielding type of stress-strain curve with a relatively large
plateau, the AISI design formulas can also provide reasonable
results. However, the accuracy of predication of tensile yield
points of corner sections can be slightly improved by using the
modified equations (Eqs. 43, 44, and 45). The limitations on





The design requirements for bolted connections of thick,
cold-formed steel members are listed below.
a. Requirements for Minimum Edge Distance in Line of Stress
The required edge distance in line of stress can be
determined from Eq. 119 for ordinary bolt connections made of
various steels with thickness up to I in. It can be
conservatively used for bolted connections using high-strength
bolts. The minimum edge distance is I.Sd.
Alternatively, a simplified equation (Eq. 121) can be
used in lieu of Eq. 119.
b. Requirements for Tension Stress on Net Section
The current AISI equation (Eq. 84) for the determination of
allowable tension stress on net section can be used for both
ordinary and high-strength bolt connections of thick, cold-formed
steel members.
c. Requirements for Bearing Stress in Bolted Connections
For ordinary bolt connections made of various steels with
th~ k t l' the allowable bearing stress can be4C ness up 0 ~n.,
determ ' d b E 120 Th~s equation can be used conservatively1ne y q. . ~
for bolted connections using high-strength bolts.
Alt '1 a s~mpl;f;ed equation (Eq. 122) can be usedernat~ve y, 4 ~ ~
instead of Eq. 120.
d. Requirements for Shear Stress on Bolts
The requirements listed in the current AISI Specification
are also applicable for bolted connections made of thick,
cold-formed steel members. It seems that the current AISC
design provisions for the friction-type of bolted connections
may also be used for the design of connections using steel
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nominal cross sectional area of the bolt
area of shear failure plane of connected part
equation in term of F IF
u y
ratio of the specified minimum tensile strength of the
bolt to the specified minimum tensile strength of the
connected part
width variation amplication factor




distance from the edge of the hole to the end of plate
modified equation for thickness of material





ultimate tensile strength of the bolt
allowable shear stress of the bolt
yield point
yield point of the bolt
yield point of corners
constant
strength coefficient (Chapter III); constant (Chapter IV)
maximum likelihood function


















a' ,a' 0'1 2' 3
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inside bend radius (Chapter III); reduction factor computed
by (1.0 - 0.9r + 3rd/s), (Chapter IV)
radius to any point in a corner (Chapter III); force
transmitted by the bolt or bolts at the section considered,
divided by the tension force in the member at that section
(Chapter IV)
radius to the axis of zero strain
variance of sample
standard deviation of sample (Chapter III) ;
spacing of bolts perpendicular to the line of stress
(Chapter IV)
torque applied to nut
thickness of material





principal strains in terms of true strains
variance of population
effective stress
principal stresses in terms of true stresses
O"b ultimate bearing stress
°"
ultimate tensile stress on net section
net
Tb shear stress of the bolt






Table I. R/t Ratios Used for the Sections Listed in










































Table III. Recommended R/t Ratios for Cold-Formed
































Table IV-B. Chemical Analysis of A588 Steel Plates (17)
Nominal
Grade Thickness C Mn P S Si Cu Cr V
(In. )
A 1/2 0.14 1. 01 0.013 0.021 0.24 0.30 0.55 0.05
A 1 0.16 1.10 0.008 0.016 0.26 0.30 0.58 0.06
-
Table V-A. Tensile Mechanical Properties of A36 Steel Plates
Test Dimension of Tensile Coupons F F Elongation* Ave. Propertiesy u
No. T (In.) W(In. ) L (In.) (ksi) (ksi) (percent) F (ksi) F (ksi)y u
T-1-36 0.535 0.501 12.00 41.5 68.1 41 42.9 68.6
T-2-36 0.536 0.500 12.00 44.3 69.0 40
T-3-36 1.019 1.490 20.00 40.6 68.5 32 40.2 67.9T-4-36 1.019 1.490 20.00 39.8 67.2 31
*Use 2 inch gage length for 1/2 inch thick plate. Use 8 inch gage length for 1 inch thick
plate. Refer to Fig. 11.
Table V-B. Tensile Mechanical Properties of A588 Steel Plates
Test Dimension of Tensile Coupons F F Elongation* Ave. Propertiesy u
No. T (In. ) W( In. ) L (In. ) (ksi) (ksi) (percent) F (ksi) F (ksi)y u
T-1-588 0.492 0.499 12.00 60.3 83.3 31 60.4 83.5T-2-588 0.490 0.507 12.00 60.5 83.7 30
T-3-588 1.006 1.')00 20.00 61.4 89.2 23 60.3 89.0T-4-588 1.006 1.500 20.00 59.3 88.8 23
*Use 2 inch gage length for 1/2 inch thick plate. Use 8 inch gage length for 1 inch thick




Table VI-A. Compressive Mechanical Properties of A36 Steel Plates
Test Dimension of Compressive Coupons F Ave. Fy Y
No. T (In.) W(In.) L (In.) L/r (ksi) (ksi)
C-1-36 0.536 0.497 2.24 15.6 44.5 44.0C-2-36 0.536 0.497 2.24 15.6 43.5
C-3-36 1.022 0.965 4.00 14.3 41.0 40.0C-4-36 1.023 0.968 4.00 14.3 39.0
Refer to Fig. 12
Table VI-B. Compressive Mechanical Properties of A588 Steel Plates
Test Dimension of Compressive Coupons F Ave. Fy Y
No. T (In. ) W(In.) L (In.) L/r (ksi) (ksi)
C-1-588 0.492 0.587 2.25 15.8 62.3 62.8
C-2-588 0.492 0.589 2.25 15.8 63.4
C-3-588 1.006 1.065 4.00 13.8 62.2 62.6
C-4-588 1.006 1.063 4.00 13.8 63.0
Refer to Fig. 12
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Table VII-A. Mechanical Properties of Tensile Coupons Cut From
Corners of the 1/2 In. Thick Channels (A36 Steel)
Test Dimension of Tensile Coupons Properties of Individual Coupons Corner Properties R/t
No. T (In.) W(In. ) L (In. ) F F Elongationyc uc in 2 inches F (ksi) F (ksi) Ratio(ksi) (ksi) (percent) yc uc
CTl-1-36 0.536 0.505 12.00 45.2 68.6 37
CTl-2-36 0.528 0.495 12.00 59.6 73.9 31
CTl-3-36 0.533 0.509 12.00 61.8 74.0 26 55.8 71.2 3.18
CTl-4-36 0.535 0.522 12.00 52.9 67.4 32
CTl-5-36 0.537 0.501 12.00 48.3 69.2 35
CTl-6-36 0.536 0.503 12.00 43.3 68.1 38
CTl-7-36 0.538 0.500 12.00 62.4 73.4 26
CTl-8-36 0.532 0.500 12.00 63.3 74.5 26 58.6 73.0 3.18
CTl-9-36 0.525 0.501 12.00 59.8 73.6 30
CTI-I0-36 0.535 0.498 12.00 46.3 69.4 35




Table VII-B. Mechanical Properties of Tensile Coupons Cut From
Corners of the 1/2 In. Thick Channels (A588 Steel)
Test Dimension of Tensile Coupons Properties of Individual Coupons Corner Properties R/t
No. T (In.) W(In.) L (In.) F F Elongationyc uc in 2 inches F (ksi) F (ksi) Ratio(ksi) (ksi) (percent) yc uc
CTl-1-588 0.491 0.511 12.0 61. 75 83.67 27
CTl-2-588 0.486 0.503 12.0 79.41 92.42 21
CTl-3-588 0.489 0.480 12.0 81.60 90.43 21 77 .80 90.97 3.07
CTl-4-588 0.489 0.465 12.0 81.50 93.61 20
CTl-5-588 0.489 0.488 12.0 63.81 85.56 28
CTl-6-588 0.488 0.486 12.0 71. 20 89.03 27
CTl-7-588 0.491 0.478 12.0 84.89 95.74 23
CTl-8-588 0.483 0.487 12.0 85.37 97.45 24 81.62 94.70 3.07
CTl-9-588 0.487 0.495 12.0 83.51 95.64 22
CT1-10-588 0.490 0.495 12.0 62.75 85.19 28




Table VIII-A. Mechanical Properties of Tensile Coupons Cut From
Corners of the 1/2 In. Thick Channels (A36 Steel)
Test Dimension of Tensile Coupons Properties of Individual Coupons Corner Properties R/t








F (ksi)yc F (ksi)uc Ratic
CT2-1-36 0.542 0.499 12.00 47.1 69.3 38
CT2-2-36 0.542 0.500 12.00 48.9 70.1 36
CT2-3-36 0.542 0.501 12.00 50.9 69.9 35
CT2-4-36 0.542 0.501 12.00 51.6 69.2 36
CT2-5-36 0.543 0.500 12.00 48.8 69.1 36
-----62-6- 36 0.543 0.501 12.00 48.4 68.6 37
CT2-7-36 0.542 0.503 12.00 53.2 69.3 36
CT2-8-36 0.542 0.494 12.00 53.7 69.3 31
CT2-9-36 0.543 0.501 12.00 53.2 69.5 35
CT2-10-36 0.544 0.501 12.00 48.6 68.6 37










Table VIII-B. Mechanical Properties of Tensile Coupons Cut From
Corners of the 1/2 In. Thick Channels (A588 Steel)
Test Dimension of Tensile Coupons Properties of Individual Coupons Corner Properties R/t
No. T (In.) W(In. ) L (In.) F F Elongationyc uc in 2 inches F (ksi) F (ksi) Ratio(ksi) (ksi) (percent) yc uc
CT2-1-588 0.491 0.511 12.0 67.73 84.66 27
CT2-2-588 0.489 0.501 12.0 73.98 89.39 27
CT2-3-588 0.490 0.492 12.0 76.24 90.46 26 74.36 89.62 5.92
CT2-4-588 0.490 0.502 12.0 75.51 90.45 27
CT2-5-588 0.490 0.505 12.0 72.67 89.88 28
CT2-6-588 0.490 0.496 12.0 70.99 89.30 28
CT2-7-588 0.490 0.498 12.0 74.03 89.96 25
CT2-8-588 0.489 0.492 12.0 74.48 90.25 24 73.28 89.80 5.92
CT2-9-588 0.490 0.497 12.0 73.26 89.75 27
CT2-10-588 0.490 0.500 12.0 69.39 88.57 28




Table IX-A. Compressive Yield Point of Corners Cut From the
1/2 In. and 1 In. Thick Channels (A36 Steel)
Test Dimension of Corners F Ave. F
R/t yc yc2 (ksi) (ksi)No. T (In.) A (In. ) L (In.) L/r
CC1-1-36 3.16 0.538 1.550 3.00 18.7 57.5 57.7CC1-2-36 3.14 0.541 1.581 3.00 18.5 57.8
CC2-1-36 6.06 0.545 2.849 5.00 17 .2 49.8 49.6CC2-2-36 6.06 0.545 2.930 5.00 16.7 49.5
CC3-1-36 3.05 1.001 5.500 5.50 18.0 57.8 58.9CC3-2-36 3.05 1.001 5.580 5.50 17.7 60.0
CC4-1-36 5.03 0.994 8.590 8.50 17.6 56.2 56.3CC4-2-36 5.04 0.992 8.420 8.50 18.0 56.3
Note: All eight specimens listed in this table are 90° full corners.




Table IX-B. Compressive Yield Point of Corners Cut From the
1/2 In. Thick Channels (A588 Steel)
Test Dimension of Corners F Ave. F
R/t yc yc2 (ksi) (ksi)No. T (In. ) A(In. ) L (In. ) L/r
CCl-1-588 3.06 0.490 1.473 3.10 18.5 77.4 80.1CCl-2-588 3.06 0.490 1.404 3.10 19.4 82.8
CC2-1-588 5.91 0.491 1.134 2.25 15.2 70.3
CC2-2-588 5.91 0.491 1.108 2.25 16.0 76.8 73.5CC2-3-588 5.89 0.492 1.134 2.25 15.2 74.6
CC2-4-588 5.89 0.492 1.153 2.25 15.0 72.2
Note: Specimens CCl-I-588 and CCl-2-588 are 90° full corners. Specimens




Table IX-C. Compressive Yield Point of Corners Cut From the
1/2 In. Thick Channels (A588 Steel)
Test Dimension of Compressive Coupons F Ave. F
R/t yc yc(ksi) (ksi)
No. T (In.) H (In. ) L (In.) L/r
CC3-1-588 5.91 0.490 0.513 2.25 15.9 69.8
CC3-2-588 5.91 0.493 0.534 2.25 15.8 74.1
CC3-3-588 5.91 0.492 0.534 2.25 15.9 75.8 74.3
CC3-4-588 5.91 0.491 0.512 2.25 15.9 75.0
CC3-5-588 5.91 0.490 0.473 2.25 16.5 72 .2
CC3-6-588 5.89 0.491 0.520 2.25 15.9 74.0
CC3-7-588 5.89 0.490 0.518 2.25 15.9 75.5
CC3-8-588 5.89 0.490 0.515 2.25 15.9 78.0 75.5
CC3-9-588 5.89 0.490 0.505 2.25 15.9 74.8
CC3-10-588 5.89 0.490 0.514 2.25 15.9 71. 5




Table IX-D. Compressive Yield Point of Corners Cut From the
1 In. Thick Channels (A588 Steel)
Test Dimension of Compressive Coupons F Ave. F
R/t yc yc
No. T (In.) W(In. ) L (In.) L/r (ksi) (ksi)
CCl-1-588 3.07 0.980 1.080 4.00 14.1 73.2
CCl-2-588 3.07 1.010 0.980 4.00 14.1 84.2
CCl-3-588 3.07 0.990 0.980 4.00 14.1 90.2 84.5
CCl-4-588 3.07 1.015 1.090 4.00 13.7 84.8
CCl-5-588 3.07 0.993 0.925 4.00 15.0 76.6
CCl-6-588 3.07 0.990 1.055 4.00 14.0 71. 5
CCl-7-588 3.07 0.995 1.075 4.00 13.9 86.0
CCl-8-588 3.07 0.990 1.070 4.00 14.0 87.6 83.5
CCl-9-588 3.07 0.995 1.070 4.00 13 .9 84.5
CCI-IO-588 3.07 0.995 1.065 4.00 13.9 71.0
CC2-1-588 5.01 1.010 1.050 4.00 13.7 79.5
CC2-2-588 5.01 0.995 1.065 4.00 13.9 82.3
CC2-3-588 5.01 0.995 1.025 4.00 13.9 84.2 82.6
CC2-4-588 5.01 0.985 1.060 4.00 14.1 82.8
CC2-5-588 5.01 1.000 1.050 4.00 13.9 81.3
CC2-6-588 5.01 0.995 1.080 4.00 13.9 79.3
CC2-7-588 5.01 1.010 1.065 4.00 13.7 81.4
CC2-8-S88 5.01 1.000 1.060 4.00 13.9 85.8 81. 2
CC2-9-588 5.01 0.985 1.100 4.00 14.1 80.8




Table X-A. Comparison of Tested Yield Point of Corners and Computed Tensile Yield
Point of Corners (A36 Steel) (Based on Eq. 17, 19 and 20)
Thickness Type of Virgin Properties Computed Tested (F ) test
t R/t yc
(In. ) Stress F F B F F (F ) campm ycy u c yc yc
(ksi) (ksi) (ksi) (ksi)
0.534 3.18 tension 42.9 68.6 2.016 0.239 65.6 57.2 0.87
compression 44.0 -- -- -- 65.6* 57.7 0.88
0.543 6.08 tension 42.9 68.6 2.016 0.239 56.2 51. 3 0.91
compression 44.0 -- -- -- 56.2* 49.6 0.88
1.001 3.05 tension 40.2 67.9 2.106 0.256 63.7
compression 40.0 -- -- -- 63.7* 58.9 0.93
0.993 5.04 tension 40.2 67.9 2.106 0.256 56.0
compression 40.0 -- -- -- 56.0* 56.3 1.01




Table X-B. Comparison of Tested Yield Point of Corners and Computed Tensile Yield
Point of Corners (A588 Steel) (Based on Eqs. 17, 19 and 20)
hickness Type of Virgin Properties Computed Tested
t R/t
(In. ) Stress F F B m F F
Y u c yc yc
(ksi) (ksi) (ksi) (ksi)
0.488 3.07 tension 60.4 83.5 1. 742 0.197 84.4 79.7
compression 62.5 -- -- -- 84.4* 80.1
tension 60.4 83.5 1. 742 0.197 74.0 73.8
0.490 5.98 compression 62.5 -- -- -- 74.0* 73.5**
74.9***
0.995 3.07 tension 60.3 89.0 1.871 0.215 88.7
compression 62.6 -- -- -- 88.7* 84.0
0.999 5.01 tension 60.3 89.0 1. 871 0.215 79.8
compression 62.6 -- -- -- 79.8* 81.9
*Based on the computed tensile yield point of corners
**Each 90 0 corner was cut into two parts for testing purposes














Table x-c. Comparison of Tested Yield Point of Corners and Computed Tensile Yield
Point of Corners (A36 Steel) (Based on Eqs. 43, 44 and 45)
Thickness Type of Virgin Properties Computed Tested (F ) test
t R/t yc(F ) comp(In. ) stress F F B m F F ycy u c yc yc
(ksi) (ksi) (ksi) (ksi)
0.534 3.18 tension 42.9 68.6 1.888 0.228 62.3 57.2 0.92
compression 44.0 -- -- -- 62.3* 57.7 0.93
0.543 6.08 tension 42.9 68.6 1.888 0.228 53.7 51. 3 0.96
compression 44.0 -- -- -- 53.7* 49.6 0.93
1.001 3.05 tension 40.2 67.9 1.985 0.244 60.8
compression 40.0 -- -- -- 60.8* 58.9 0.97
0.993 5.04 tension 40.2 67.9 1.985 0.244 53.7
compression 40.0 -- -- -- 53.7* 56.3 1.05




Table XI. Comparison of Design Provisions for Bolted Connections Used
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for bolt material and
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bolt quality, number of
shear planes, stress
grade of steel sheets and
loading conditions. For
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allowable bearing for
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Table XI. Comparison of Design Provisions for Bolted Connections Used








































stresses in bolt material
are given for two dif-
ferent classes of bolted
joint. The allowable
shear depends on bolt
quality, number of shear






*In the AlSI provisions, if the ratio of tensile strength to yield point is less than 1.35, F
is equal to the specified minimum tensile strength of the material divided by 1.35. Y





Table XII. Comparison of Design Provisions for Bolted Connections Used



















e ~ ~C/t for single shear







e > 1. Sd
e > (O.5+l.43F IF )d or e > 2F d/F







Table XII. Comparison of Design Provisions for Bolted Connections Used















A325 and A449 bolts
a) Threads excluded from
shear plane
1) Friction Type: F :15 ksi
2) Bearing Type: F ~22 ksi










a) Threads excluded from shear plane
1) Friction Type: See Note 1.
2) Bearing Type: F =30 ksi (joint length < 50 in.)
FV=24 ksi (joint length ~ 50 in.)
b) Threads not exclude~ from shear plane
1) Friction Type: See Note 1.
2) Bearing Type: F =22.5 ksi (joint length ~ 50 in.)
FV=18 ksi (joint length> 50 in.)
v
A490 bolts A490 bolts
a) Threads excluded from shear a) Threads excluded from shear plane
plane 1) Friction Type: See Note 2.
1) Friction Type: F =20 ksi 2) Bearing Type: P :40 ksi (joint length ~ 50 in.)
p ~32 ksi v 2 .2) Bearing Type: P =3 ksJ. (joint length> 50 in.)
b) Threads not exclude~ from b) Threads not exclude~ from shear plane
shear plane 1) Friction Type: See Note 2.
1) Friction Type: F =20 ksi 2) Bearing Type: F =30 ksi (joint length < 50 in.)






1. The basic shear stress for A325 bolts is 30 ksi modified by three factors
which reflect the surface condition of the connected material, the method
tighten the bolts, and whether the bolt holes are oversized or slotted.
(B 1 ,3 2 '::3)
used Eo
2. The basic shear stress for A490 bolts is 40 ksi modified by the same factors in Ncte 1.
Abbreviations Used in Tables XI and XII
AISC - American Institute of Steel Construction
AISI - American Iron and Steel Institute
BSI - British Standards Institution
CSA - Canadian Standards Association
NSIBR - National Swedish Institute for Building Research




Table XIII. Dimensions and Results of Bolted Connection Tests (42)
Spec. d t e s F F
°b °b °b 1 Type ofe y u
- - F(F"F)
(In. ) (In. ) (In. ) (In. ) d (ksi) (ksi) (ksi) F FailureNo. y y 1 2
20A11SS 0.375 1. 50 89.33 2.78 2.40 I
20A21SS 1/4 0.036 0.625 4.00 2.50 32.11 41.83 134.50 4.19 3.63 I20A31SS 0.875 3.50 178.90 5.57 4.82 I
20A41SS 1.125 4.50 208.29 6.49 5.61 II
20A12SS 0.563 1. 50 79.77 2.48 2.15 I
20A22SS 0.938 2.50 129.37 4.03 3.48 1,111
20A22SS 3/8 0.036 0.938 4.00 2.50 32.11 41.83 130.28 4.06 3.51 I
20A32SS 1.313 3.50 134.07 4.18 3.61 1,111
20A42SS 1.688 4.50 131.54 4.10 3.54 1,111
20A13SS 0.75 1.50 81.69 2.54 2.19 I
20A23SS 1/2 0.036 1. 25 4.00 2.50 32.11 41.83 121. 87 3.76 3.25 1,111
20A43SS 2.25 4.50 124.15 3.87 3.34 1,111
20A14SS 5/8 0.938 1.50 32.11 41.83 78.30 2.44 2.11 I20A24SS 0.036 1. 563 4.00 2.50 125.38 3.91 3.38 I,ll
20A15SS 3/4 0.036 1.125 4.00 1.50 32.11 41.83 84.61 2.63 2.27 I
16CI05SS 0.75 1.00 58.89 1.85 1.64 I
16C205SS 3/4 0.0591 1. 50 2.00 43.81 109.87 3.44 3.06 I16C305SS 2.25 4.00 3.00 31.95 158.38 4.96 4.41 II




Table XIII. Dimensions and Results of Bolted Connection Tests (42) (cont. )
Spec. d t e s F F (Jb (Jb (Jb 1 Type ofe y u
- - F(F'F)
(In. ) (In. ) (In. ) (In. ) d (ksi) (ksi) (ksi) F FailureNo. y y 1 2
14AllSS 1/4 0.375 1.50 80.30 2.69 2.54 I
14A12SS 3/8 0.080 0.563 4.00 1.50 29.81 43.40 74.30 2.52 2.38 I
l4A22SS 3/8 0.938 2.50 129.78 4.36 4.12 I
14A13SS 0.75 1.50 77.10 2.59 2.44 I
14A23SS 1/2 0.080 1. 25 4.00 2.50 29.81 43.40 122.73 4.11 3.87 I
14A43SS 2.25 4.50 177.50 5.95 5.61 II
12A11SS 1/4 0.0931 0.375 4.00 1.50 25.60 41.15 77 .99 3.05 2.97 I12A12SS 3/8 0.563 1.50 80.49 3.15 3.06 I
12A14SS 5/8 0.0931 0.938 4.00 1.50 26.65 41.40 76.53 2.87 2.79 I12A24SS 1.563 2.50 128.77 4.83 4.69 II
18E12SS 0.563 1.50 108.93 2.33 2.00 I
18E22SS 3/8 0.0455 0.938 4.00 2.50 46.75 68.00 197.62 4.23 3.64 I
18E42SS 1.688 4.50 205.95 4.41 3.78 1,111
18E14SS 5/8 0.0455 0.938 4.00 1.50 46.75 68.00 112.52 2.41 2.06 I18E24SS 1.563 2.50 170.50 3.65 3.14 1,11,111
14E13SS 1/2 0.0783 0.75 4.00 1.50 54.44 70.40 111.30 2.05 2.12 I14E23SS 1. 25 2.50 182.50 3.35 3.47 I
14E15SS 3/4 0.0783 1.125 4.00 1.50 54.44 70.40 119.50 2.20 2.27 I14E25SS 1.875 2.50 170.90 3.14 3.25 I,ll
10E15SS 3/4 0.1433 1.125 4.00 1.50 59.47 76.84 107.30 1.81 2.39 I
10E16SS 1. 50 1.50 104.50 1. 76 2.33 I
10E26SS 1 0.1433 2.50 4.00 2.50 59.47 76.84 162.20 2.73 3.62 II
10E36SS 3.50 3.50 172.25 2.90 3.85 II




Table XIII. Dimensions and Results of Bolted Connection Tests (42) (cont. )
Spec. d t e s F F
°b °b °b 1 Type ofe y u
- "F(F"F)
(In. ) (In. ) (In. ) (In. ) d (ksi) (ksi) (ksi) F FailureNo. y y 1 2
20AIlDS 0.375 1. 50 95.57 2.98 2.57 I
20A21DS 1/4 0.036 0.625 4.00 2.50 32.11 41.85 142.75 4.45 3.84 I20A31DS 0.875 3.50 187.23 5.83 5.04 I
20A4lDS 1.125 4.50 206.32 6.43 5.55 II
20A12DS 0.563 1. 50 93.89 2.92 2.52 I
20A22DS 3/8 0.036 0.938 4.00 2.50 32.11 41.85 142.01 4.42 3.82 II20A32DS 1. 313 3.50 195.07 6.08 5.26 I
20A42DS 1.688 4.50 217.65 6.78 5.86 I
20A13DS 1/2 0.036 0.75 4.00 1.50 32.11 41.85 84.42 2.63 2.27 I20A23DS 1. 25 2.50 135.58 4.28 3.70 1,111
20A14DS 5/8 0.036 0.938 4.00 1. 50 32.11 41.85 88.09 2.74 2.37 I20A24DS 1. 563 2.50 127.94 3.99 3.45 II
20AlSDS 3/4 0.036 1.125 4.00 1.50 32.11 41.85 88.70 2.76 2.39 I
16CI03DS 0.50 1.00 58.55 1. 83 1.62 I
16C203DS 1.00 2.00 112.69 3.53 3.13 I
16C303DS 1/2 0.05<)1 1. 50 4.00 3.00 31.95 43.81 175.98 5.51 4.90 II
16C403DS 2.00 4.00 224.03 7.01 6.23 II
16C5030S 2.50 5.00 243.66 7.63 6.78 II
14AIIDS 0.375 1.50 78.37 2.63 2.48 I
14A21DS 1/4 0.080 0.625 4.00 2.50 29.81 43.40 131.86 4.42 4.16 I
14A31DS 0.R75 3.50 170.85 5.73 5.41 I
14A12DS 0.563 1. 50 83.47 2.80 2.63 I
14A22DS 1/,Q 0.080 0.938 4.00 2.50 29.81 43.40 129.33 4.34 4.09 I
14A32DS 1.313 3.50 177.05 5.94 5.60 I




Table XIII. Dimensions and Results of Bolted Connection Tests (42) (cont. )
Spec. d t e s F F
°b °b °b 1 Type ofe y u
(In. ) (In. ) (In. ) (In. ) d (ksi) (ksi) (ksi) F
F(F"F)
FailureNo. y y 1 2
12A11DS 0.375 1.50 82.18 3.17 3.08 I
12A21DS 1/4 0.0931 0.625 4.00 2.50 26.00 41.15 134.81 5.19 5.04 I12A31DS 0.875 3.50 177.91 6.85 6.65 I
12A41DS 1.125 4.50 203.84 7.84 7.61 I
12A12DS 0.563 1.50 79.04 3.04 2.95 I
12A22DS 3/8 0.0931 0.938 4.00 2.50 26.00 41.15 134.39 5.17 5.03 I12A32DS 1.313 3.50 177 .70 6.84 6.65 I
12A42DS 1.688 4.50 203.06 7.81 7.58 I
12A14DS 5/8 0.0931 0.938 4.00 1.50 26.00 41.15 83.82 3.22 3.13 I12A24DS 1.563 2.50 127.73 4.92 4.79 I
10A12DS 3/8 0.143 0.563 4.00 1.50 36.60 48.00 84.84 2.32 2.62 I10A22DS 0.938 2.50 133.56 3.65 4.11 I
8B23DS 1/2 0.1878 1.25 4.00 2.50 35.15 47.10 124.75 3.55 3.97 I8B33DS 1. 75 3.50 157.50 4.48 5.00 I
8B25DS 3/4 0.1878 1.875 4.00 2.50 35.15 47.10 129.16 3.68 4.11 I
18E12DS 0.563 1.50 110.71 2.37 2.04 I
18E22DS 3/8 0.0455 0.938 4.00 2.50 46.75 68.00 185.37 3.97 3.42 I18E32DS 1.313 3.50 231.87 4.96 4.25 I
18E42DS 1.688 4.50 249.97 5.35 4.59 I
18E14DS 0.938 1.50 110.91 2.37 2.04 I
18E24DS 5/8 0.0455 1.563 4.00 2.50 46.75 68.00 171.97 3.68 3.16 I18E34DS 2.188 3.50 222.41 4.76 4.09 1,111




Table XIII. Dimensions and Results of Bolted Connection Tests (42) (cant. )
Spec. d t e s F F
°b °b °b I Type ofe y u
- F(P-P)
(In. ) (In. ) (In. ) (In. ) d (ksi) (ksi) (ksi) F FailureNo. y y 1 2
14E13DS 0.75 1.50 122.40 2.25 2.33 1
14E23DS 1/2 0.0783 1.25 4.00 2.50 54.44 70.40 190.90 3.51 3.62 114E33DS 1. 75 3.50 228.25 4.19 4.34 1
14E43DS 2.25 4.50 267.95 4.93 5.11 1
14E15DS 1.125 1.50 121.35 2.23 2.31 1
14E25DS 3/4 0.0783 1.875 4.00 2.50 54.44 70.40 190.00 3.49 3.61 II
14E35DS 2.625 3.50 242.20 4.45 4.61 I,ll
10E12DS 3/8 0.1433 0.563 4.00 1.50 59.50 71.85 101.55 1. 71 2.27 I
10E13DS 1/2 0.1433 0.75 4.00 1.50 59.50 71.85 107.10 1.80 2.38 I10E23DS 1. 25 2.50 180.80 3.04 4.02 I
10E15DS 3/4 0.1433 1.125 4.00 1.50 59.50 71.85 121. 45 2.05 2.71 110E25DS 1.875 2.50 188.90 3.18 4.21 II
10E16DS 1. 50 1. 50 107.15 1.80 2.38 II
10E26DS 1 0.1433 2.50 4.00 2.50 59.50 71. 85 167.00 2.81 3.72 I10E36DS 3.50 3.50 199.35 3.35 4.44 II
10E46DS 4.50 4.50 201.50 3.39 4.49 II
8E15DS 3/4 0.1901 1.125 4.00 1. 50 56.45 76.98 108.95 1.93 2.14 IBE25DS 1. 875 2.50 158.30 2.81 3.12 I,ll
10A33DS 1/2 0.1430 1. 75 4.00 3.50 36.60 48.00 170.00 4.64 5.23 I10A43DS 2.25 4.50 190.00 5.19 5.85 I
10A25DS 3/4 0.1430 1. 875 4.00 2.50 36.60 48.00 140.00 3.83 4.31 II
12EJJDS 1/2 0.0989 1. 7S 4.00 3.50 51.95 68.45 222.00 4.27 4.38 I12E4JDS 2.25 4.50 234.00 4.50 4.62 I




Table XIV. Dimensions and Results of Bolted Connection Tests (37)
Spec. d t e s F F
°b °b °b 1 Type of*e y u
- - p-(FT}
(In. ) (In. ) (In. ) (In. ) d (ksi) (ksi) (ksi) F FailureNo. y y 1 2
0.066 39.0 63.8 193.30 4.96 4.50
0.068 39.5 59.9 200.29 5.07 4.60
0.076 36.6 56.2 190.79 5.21 4.86
1/2 0.105 1.50 4.00 3.00 38.1 58.6 192.00 5.04 5.040.122 36.9 56.8 203.28 5.51 5.68
0.134 38.5 62.0 197.01 5.12 5.33
0.146 40.7 63.2 205.07 5.04 5.36
0.166 40.0 67.0 191. 57 4.79 5.20
0.066 39.0 63.8 146.67 3.76 3.42
0.068 39.5 59.9 141.41 3.58 3.25
A 0.076 36.6 56.2 153.33 4.19 3.91
0.093 28.1 48.8 133.04 4.73 4.59
5/8 0.105 1.50 4.00 2.40 38.1 58.6 149.84 3.93 3.93
0.122 36.9 56.8 139.76 3.79 3.90
0.134 38.5 62.0 152.24 3.95 4.11
0.146 40.7 63.2 153.53 3.77 4.01
0.166 40.0 67.0 149.49 3.74 4.07
0.066 39.0 63.8 136.36 3.50 3.18
0.068 39.5 59.9 124.31 3.15 2.86
3/4 0.076 1.50 4.00 2.00 36.6 56.2 119.65 3.27 3.06
0.093 28.1 48.8 105.66 3.76 3.65
0.105 38.1 58.6 122.92 3.23 3.23









































































































































































































*Not given in Reference 37. I-'
Ln
CD
Table XIV. Dimensions and Results of Bolted Connection Tests (37) (cont. )
Spec. d t e s F F
°b °b °b 1 Type of*e y u
(In. ) (In. ) (In. ) (In. ) d (ksi) (ksi) (ksi) F
F(F"F)
FailureNo. y y 1 2
0.068 1. 50 1. 71 39.5 59.9 114.71 2.90 2.63
7/8 0.068 1. 75 4.00 2.00 128.15 3.24 2.940.145 1. 50 1. 71 113.81 2.80 2.97
0.145 1. 75 2.00 40.7 63.2 119.84 2.94 3.13
0.068 1. 50 1.50 39.5 59.9 100.59 2.55 2.32
B2 1 0.068 2.00 4.00 2.00 122.79 3.11 2.830.145 1.50 1.50 40.7 63.2 103.97 2.55 2.710.145 2.00 2.00 124.00 3.05 3.24
0.068 1. 75 1.40 39.5 59.9 83.06 2.10 1.91
1-1/4 0.068 2.50 4.00 2.00 114.41 2.90 2.640.145 1. 75 1.40 88.14 2.17 2.31
0.145 2.50 2.00 40.7 63.2 125.66 3.09 3.29
0.068 0.75 1.50 102.35 2.59 2.35
1/2 0.067 1.00 4.00 2.00 39.5 59.9 144.48 3.66 3.330.067 2.00 4.00 262.69 6.65 6.05
0.068 2.50 5.00 317.94 8.05 7.32
0.076 2.00 2.67 161. 54 4.41 4.12
0.076 2.50 3.33 36.6 56.2 196.51 5.37 5.01
83 3/4 0.076 3.00 4.00 4.00 213.40 5.84 5.450.121 2.00 2.67 158.13 4.29 4.38
0.121 2.50 3.33 36.9 56.8 193.50 5.24 5.34
0.122 3.00 4.00 226.78 6.15 6.27
0.134 2.00 2.00 116.31 3.02 3.14
1 0.134 2.50 4.00 2.50 38.5 62.0 156.49 4.06 4.220.134 3.00 3.00 173.13 4.50 4.68
0.134 3.50 3.50 186.42 4.84 5.04
......
*Not given in Reference 37. U11.0
Table XIV. Dimensions and Results of Bolted Connection Tests (37) (cant. )
Spec. d t e s F F
°b °b ° Type of*e y u
....E.(_l_)
- -
(In. ) (In. ) (In. ) (In. ) d (ksi) (ksi) (ksi) F Fy F1F 2 FailureNo. y
1/2 0.061 1.50 3.00 3.00 41.0 64.9 210.82 5.14 4.590.107 35.0 54.5 179.25 5.12 5.12
5/8 0.107 1. 50 3.00 2.40 35.0 54.5 141.76 4.05 4.05
B4 0.063 3.00 41.0 64.9 155.77 3.80 3.420.105 3.50 122.67 3.50 3.50
3/4 0.105 1. 50 5.00 2.00 35.0 54.5 125.71 3.59 3.590.105 6.00 134.60 3.85 3.85
0.106 8.00 128.30 3.67 3.67




Table xv. Dimensions and Results of Bolted Connection Tests (61)
Spec. d t e s F F ab ab ab 1 Type ofe y u
- F{F"F)
(In. ) (In. ) (In. ) (In. ) d (ksi) (ksi) (ksi) F FailureNo. y y 1 2
12Y-L7 1/2 1. 75 4.00 3.50 239.0 3.30 5.13 11,1
-L8 3/8 1. 50 2.53 4.00 245.0 3.38 5.26 II
-L9 1/2 1. 75 3.41 3.50 267.0 3.69 5.74 II
-LI0 5/8 2.11 4.12 3.37 204.0 2.82 4.39 11,1
-L11 3/8 1.49 2.00 3.97 216.0 2.98 4.63 11,1
-L12 1/2 0.106 1. 75 2.66 3.50 72.4 72.8 211.0 2.91 4.53 11,111
-L13 5/8 2.18 3.33 3.48 148.0 2.04 3.17 11,1,111
-L14 3/4 2.60 3.93 3.46 288.0 3.98 6.19 11,111
-L15 3/8 1.50 1.52 3.99 194.0 2.68 4.17 11,111,1
-L16 1/2 1. 75 2.04 3.50 211.0 2.91 4.53 II
-L17 5/8 2.13 2.55 3.40 166.0 2.29 3.56 11,111,1
-L18 3/4 2.65 3.04 3.53 153.0 2.11 3.28 II,III
7v-Ll 0.62 1.50 0.833 83.1 83.8 62.0 0.75 1. 32 I
-L2 0.69 1.50 0.917 64.0 0.77 1. 35 I
-T3 0.62 1. 50 0.833 86.4 91.3 58.5 0.68 1.19 I
-L4 3/4 0.183 1.00 1.88 1. 333 83.1 83.8 97.2 1.17 2.05 I
-T4 1.00 1.88 1.333 102.0 1.18 2.07 I
-T5 1. 75 3.00 2.333 86.4 91.3 186.0 2.15 3.77 I,ll
-L5 1.88 3.75 2.50 83.1 83.8 204.0 2.45 4.30 II,I,III
-L6 3.75 3.75 5.00 307.0 3.69 6.47 II,III
7Y-L22 0.88 5.00 1. 75 136.8 1.65 2.89 I
-L23 1/2 0.183 0.75 5.00 1. 50 83.1 83.8 112.3 1. 35 2.37 I
-L24 1.40 5.00 2.80 263.0 3.16 5.54 II,I
-L25 1. SO 3.33 3.00 240.0 2.89 5.07 II,I




Table XV. Dimensions and Results of Bolted Connection Tests (61) (cont. )
Spec. d t e s F F
°b O"b O"b 1 Type ofe y u
- F(FT)
(In. ) (In. ) (In. ) d (ksi) (ksi) (ksi) F FailureNo. (In. ) y y 1 2
20Z-L2 1/2 1.00 1.52 2.00 140.4 1.85 2.34 11,1,111
-L3 3/4 1.50 2.50 2.00 143.2 1.89 2.39 11,1,111
-L5 1/2 1.00 2.50 2.00 75.7 81. 7 130.8 1. 73 2.19 II,!
-L7 3/16 0.038 0.47 2.08 2.50 192.0 2.54 3.22 I
-L8 3/16 0.66 2.08 3.50 206.0 2.72 3.44 11,1
-L9 3/4 2.25 2.50 3.00 172.0 2.27 2.87 11,111
-T12 3/16 0.66 2.08 3.50 99.4 99.8 260.0 2.62 3.32 II
1605X-L3 3/4 1.50 2.50 2.00 160.0 1.92 2.67 11,1,111
-L4 1/2 0.062 1.50 2.50 3.00 83.25 83.25 187.0 2.25 3.13 II
-L5 1/2 1.00 2.50 2.00 157.0 1.89 2.63 I
-L6 1/2 1.40 5.00 2.80 87.60 87.60 224.0 2.56 3.56 11,1
1205X-L7 3/4 2.63 3.75 3.50 252.0 3.09 4.81 11,1
-L8 3/4 2.63 3.00 3.50 81.60 81.60 236.0 2.89 4.49 11,111
-L9 7/8 0.106 3.06 3.50 3.50 242.0 2.97 4.62 111,11
-L10 1/2 1.40 5.00 2.80 80.50 80.50 206.0 2.56 3.98 11,1
7Y-L31 1/2 0.183 1.50 2.50 3.00 82.60 82.60 222.5 2.69 4.72 I
-L32 5/8 2.19 2.98 3.50 247.0 2.99 5.25 11,1,111
16FAX-L14 1.25 2.50 2.50 101.6 3.38 3.01 I,ll
-LIS 0.062 1. 75 2.50 3.50 30.1 45.9 161.8 5.38 4.80 11,111
-L16 1. 75 2.50 3.50 152.2 5.06 4.52 11,111
-L17 1/2 1. 75 5.00 3.50 136.0 4.52 4.03 II
12FAX-L19 1.25 2.50 2.50 120.2 4.28 4.28 11,1
-L20 0.106 1. 75 2.50 3.50 28.1 44.1 159.2 5.67 5.67 11,111




Table XVI. Dimensions and Results of Riveted Connection Tests (34)
Spec. d t e s F F
°b °b °b 1 Type of*e y u
- F(FT)
(In. ) (In. ) (In. ) (In. ) d (ksi) (ksi) (ksi) F FailureNo. y y 1 2
50-1 3/4 0.3125 1.50 2.65 2.00 37.8 63.4 95.67 2.54 3.12
50-2 3/4 0.25 1. 75 3.44 2.33 37.0 59.7 113.23 3.06 3.64
50-3 3/4 0.1875 2.50 4.77 3.33 35.2 61.2 141.80 4.03 4.53
50-4A 7/8 0.375 1. 75 3.13 2.00 36.0 62.0 91.00 2.53 3.20
50-8A 1 0.4375 1. 75 3.63 1. 75 35.9 64.9 86.20 2.40 3.15
50-11 1 0.25 3.00 6.66 3.00 37.1 60.1 135.75 3.66 4.36
51-1 3/4 0.4375 2.00 3.16 2.67 38.7 64.5 98.13 2.53 3.33
51-1-1A 3/4 0.4375 2.00 3.16 2.67 32.0 63.2 90.20 2.82 3.71
-2A 3/4 0.4375 2.00 3.16 2.67 32.6 63.7 95.40 2.93 3.86
-3A 3/4 0.4375 2.00 3.16 2.67 31.6 62.9 94.00 2.97 3.91
51-2 3/4 0.375 2.00 3.45 2.67 40.2 67.7 118.87 2.96 3.79
51-2-1A 3/4 0.375 2.00 3.45 2.67 37.4 64.2 116.30 3.11 3.99
-2A 3/4 0.375 2.00 3.45 2.67 40.5 64.7 101.50 2.51 3.22
-3A 3/4 0.375 2.00 3.45 2.67 37.5 62.9 106.10 2.83 3.63
51-3 3/4 0.3125 2.00 3.83 2.67 39.7 65.5 128.90 3.25 4.01
51-3-1A 3/4 0.3125 2.00 3.83 2.67 39.4 67.2 119.20 3.03 3.74
-2A 3/4 0.3125 2.00 3.83 2.67 38.4 66.2 125.50 3.27 4.04
-3A 3/4 0.3125 2.00 3.83 2.67 38.3 66.9 129.70 3.39 4.19
51-4-1A 1 0.5625 2.50 3.95 2.50 31.8 66.8 93.70 2.95 4.10
-21\ 1 0.5625 2.50 3.95 2.50 31.4 66.7 86.70 2.76 3.83
-31\ 1 0.5625 2.50 3.95 2.50 32.0 66.1 82.80 2.59 3.60




Table XVI. Dimensions and Results of Riveted Connection Tests (34) (cont.)
Spec. d t e s F F a b a b a b 1 Type of*e y u
- p(pp)
(In. ) (In. ) (In. ) (In. ) d (ksi) (ksi) (ksi) F FailureNo. y y 1 2
51-5 1 0.50 2.50 4.48 2.50 35.4 66.8 108.03 3.05 4.12
51-5-1A 1 0.50 2.50 4.48 2.50 38.2 62.1 100.20 2.62 3.54
-2A 1 0.50 2.50 4.48 2.50 32.5 63.4 92.30 2.84 3.84
-3A 1 0.50 2.50 4.48 2.50 31.4 61.8 93.70 2.98 4.03
51-6 1 0.4375 2.50 5.24 2.50 37.6 64.1 112.70 3.00 3.95
51-6-1A 1 0.4375 2.50 5.24 2.50 33.6 60.5 107.60 3.20 4.21
-2A 1 0.4375 2.50 5.24 2.50 36.0 63.2 109.10 3.03 3.99
-3A 1 0.4375 2.50 5.24 2.50 32.1 61.6 108.30 3.37 4.43










(Eqs. 89 and 90)
Modified Winter's Formulas
(Eqs. 102 and 103)
Cornell Tests 1.02 0.78(42)
Cornell Tests 1.53 0.78(61)
Michigan Tests 0.76 0.66(37)
Illinois Tests 0.68 0.42(34)
Table XVIII. Mechanical Properties of A570 and A36
Steels Used for Connection Tests
Type of Thickness F F
u
Elongation* Ave. Properties
Steels t (In. ) (k~i) (ksi) % F (ksi) F (ksi)y u
A570 0.116 33.91 49.39 33 35.49 49.440.116 37.07 49.48 40
0.183 37.50 61.96 41
0.184 38.34 62.20 41 38.10 62.08
A36 0.184 38.46 62.09 39
0.256 44.57 67.44 32
0.255 44.53 67.50 38 45.07 67.54
0.255 46.12 67.67 32
*Based on 2-in. gage length
166
Table XX. Dimensions and Results of Double-Shear Bolted Connection Tests
Spec. t d F F P P Gb Gb
c; Type of
e y u s u
--!:(_1_)
- -
(In. ) (In. ) d (ksi) (ksi) (kii's) (kips) (ksi) F F F1F FailureNo. y y 2
OSl-l 0.116 7/8 16.5 32.80 161. 58 4.55 4.62 IIDSl-2 0.116 9.0 30.20 148.77 4.19 4.25 II
082-1 0.115 35.49 49.44 9.5 32.00 139.13 3.92 3.98 II1082-2 0.116 9.0 33.20 143.10 4.03 4.09 II
083-1 0.181 7/8 3.5 8.0 66.50 209.94 5.51 6.12 II083-2 0.180 38.10 62.08 11.5 61.80 196.19 5.15 5.71 II084-1 0.182 1 12.0 83.40 229.12 6.01 6.68 II084-2 0.181 15.2 81.00 223.76 5.87 6.51 II
D85-1 0.259
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Fig,S. Stress-Strain Characteristics of structural
Steel with Different Loading Histories
Fig. 6. First Corner Model (20)










































































Fig. 11. Dimensions of Tension Test Specimens
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Fig. 18. Half Corner Specimens (A588 Steel)
(Nominal Dimensions) (17)
Fig. 19. Individual Coupons Used for Compression




Fig. 20. Tensile Test set-Up for 1 in. Thick
virgin Steel Plates (Photo)
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Fig. 21.
photo of 40 Channel Data Acquisition System
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Fig. 23. Typical stress-Strain curves for Tensile
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Fig. 24. Typical stress-strain curves for Tensile
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Fig. 25. Typical stress-strain curves for Tensile









Fig. 26. Typical stress-strain curves for Tensile



















Fig. 27. Effect of R/t Ratio on Tensile Yield






























Fig. 28. Typical stress-strain curves for Tensile




































Fig. 29. Typical stress-strain Curves for Tensile
























Fig. 30. Typical stress-strain curves for Tensile
coupons (R/t = 6, A588 Steel)
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Fig. 31. Typical Stress-strain curves for Tensile
























Fig. 32. Effect of R/t Ratio on Tensile Yield
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Fig. 33. Stress-strain curves for corner sections Under








Fig. 34. Stress-strain curves for corner sections Under
Compression (R/t = 6, 1/2 In. Thick A36 Steel)
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Fig. 35. Effect of R/t Ratio on compressive
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Fig. 36. Stress-strain curves for corner sections Under
























Stress-Strain curves for corner Sections Under
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Fig. 38. stress-strain curves for sections Under























Fig. 39. Stress-strain curves for corner Sections Under




















Fig. 40. stress-strain curves for Corner Sections Under
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Fig. 42. Typical Stress-strain curves for compressive
















Typical stress-Strain curves for compressive
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Fig. 45. Effect of R/t Ratio on compressive
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Fig. 46. Typical stress-strain curves for compressive
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Fig. 47. Typical stress-Strain curves for compressive
























Fig. 48. Typical stress-Strain curves for compressi~e
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Fig. 49. Typical stress-strain curves for compressive















Fig. 50. Effect of R/t Ratio on compressive Yield
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0:: INDEPENDENT VARIABLE X
Fig. 52. Graphical Representation of the Mathematical
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Fig. 55. correlation of Test Data on 1/2 In. Thick
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Fig. 56. Correlation of Test Data on 1 In. Thick
A36 steel Corners (UMR TestS)
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Fig. 57. Correlation of Test Data on 1/2 In. Thick
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Fig. 58. Correlation of Test Data on 1 In. Thick
A588 steel Corners (UMR TestS)
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Correlation of Test Data on 16 gao HRSK 39.7 steel












f:}. •\~ AISI Formulas
6. ~ Eqs. 17, 19 a 20
•
~~~







Fig. 61. Correlation of Test Data on 10 gao HRSK 42.8 SteelCorners with F IF = 1.55 (cornell TestS)
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Fig. 62. Correlation of Test Data on 16 gao HRSK 40.7 St""l
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Fig. 63. CRK 38.3 Steel16 gaoData on 11 Tests)
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Fig. 64. Correlation of Test Data on 16 gao CRR 36.4 Steel























Comparison of Tensile and compressive Yield
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Fig. 66.
comparison of Tensile and compressive Yield




















/ - - ---- '"~- --'












Fig. 67. Distribution of the Tensile yield points







































Effect of Thickness of Steel on the Shape
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Fig. 69. Types of Bolted Connections
a.
a b D
Type I Failure b. Type II Failure
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c. Type III Failure
d. Type IV Failure
Fig. 70. TypeS of Failure Modes
o Combination of Type
m With Type I or II
o
Combination of Type
m With Type I or 11
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Fig. 75. Hirano's Test Results
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Fig. 81. correlation of Eqs. 104, 105, 110 and
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Fig. 88. supporting Unit
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Fig. 93. Set-Up of Double-Shear Connection Tests (Photo)
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